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On April 2009, the World Bank published a report entitled: “West Bank and Gaza Assessment of Restrictions on water 
Sector Development”. The Institute of Environmental and Water Studies (IEWS) welcomes this study by the World Bank that 
highlights some major problems faced daily by Palestinians living under Israel’s 42 year military rule. The study highlights 
the following points: 
1. Water withdrawals per head of the Palestinian population have been declining, and there are real water shortages.
2. There has been little progress on wastewater collection and treatment, with negative environmental results. 
3. Network coverage rates at Gaza are high and supply and availability had improved but border closures and conflict 
have now led to severe deterioration of water supply reliability.
4. Sanitation services in Gaza are in crisis. Gaza's wastewater collection and treatment infrastructure is inadequate.
5. The Palestinian Water Authority is unable to conduct integrated management of the resources in the West Bank 
within the current governance framework.
6.      Joint Water Council (JWC) has not fulfilled its role of providing an effective collaborative governance framework 
for joint resource management and investment. JWC does not function as a “joint” water resource governance 
institution because of fundamental asymmetries- of power, of capacity, of information, of interests- that prevent the 
development of a consensual approach to resolving water management conflicts.
Israel has further exacerbated the decades-long water crisis faced by Palestinians through its role as an occupying force 
on domination and controlling rather than facilitating and sharing the responsibility over the shared management of the 
transboundary water resources in accordance with international water law.
In the occupied Gaza Strip, Israel has for decades effected policies that promoted, directly or indirectly, de-development 
of the water infrastructure. It is therefore of little surprise that a mere 10 percent of the water there is of drinkable quality. 
Moreover, with impunity, Israel has attacked Palestinian wastewater infrastructure and, through its continued siege on the 
occupied Gaza Strip has prevented its reconstruction. The humanitarian crisis in the Gaza Strip pre-dated Israel's latest war 
on Gaza at the end of 2008, but was of course made even more critical thereafter.
As an occupying power under international humanitarian and human rights law, Israel is responsible for the welfare of the 
civilian population and must ensure that Palestinians are provided with or allowed to secure the basics for survival including 
food, water, medical supplies and shelter. 
This issue of Birzeit Water Drops includes five articles that were published in refereed journals in different areas in water 
and environmental subjects. In addition, updates on the IEWS’s activities and staff news are included.
       Ziad Mimi,
                      Director, Institute of Environmental and Water Studies 
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Education, training, research and consultancy for the
planning, provision and management of water and 
environmental aspects.
5THE RIVER MOVES FROM LAND TO WATER TO LAND IN AND OUT OF 
ORGANISMS, REMINDING US WHAT NATIVE PEOPLE HAVE NEVER 
FORGOTTEN THAT YOU CANNOT SEPERATE THE LAND FROM THE 
WATER OR THE PEOPLE FROM THE LAND…
Lynn Noel,
Voyages: Canada’s Heritage Rivers
Water Wisdom Book, 2006
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and Reclamation in Selected Arab MENA Countries
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Al-Sa'ed R., and others (2009) "Advancing Membrane Technologies for Wastewater Treatment 
and Reclamation in Selected Arab MENA Countries", Desalination and Water Treatment, 
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costs. However, in spite of several national and inter-
national membrane research activities, the general
progress is not satisfying. Lack of cooperation, limited
know-how exchange and an uncoordinated use of
resources lead to ineffective research and development
(R&D) activities [1–3].
PROMEMBRANE is a Specific Support Action, funded
by the EU INCO Mediterranean Partner Countries. Its
consortium involves four partners from Mediterranean
countries as well as three institutes from the EU that
specializ in water and wastewater treatment using various
membrane technologies. The project started on 15 August
2006 and was completed by 14 August 2008. The
primary objective of PROMEMBRANE (http://www.pro-
membrane.info) was to support the current R&D activities
in MT focused on water treatment in the Mediterranean
area in order to promote international cooperation among
research organizations and universities devoted to the
development of membrane technologies in the following
areas: municipal and industrial wastewater treatment,
brackish and sea water treatment as well as surface water
purification for drinking purpose. The first stage of the
project covered the identification, mapping and evalua-
tion of the on-going research, with the objective of
proposing future research strategies which will help to
overcome the current technical barriers of application. The
second stage was the diffusion and dissemination of the
successful experiences and research activities, through the
organization of local seminars in targeted countries and an
international conference, in order to encourage the further
research activities in membrane technologies.
Increased population growth,  rapid urbanization and
industrialization associated with living standards
improvement in most Mediterranean and North Africa
countries (MENA) has aggravated the water balance gap
between the available water supplies and the water
demands. In MENA countries, especially those with
limited water resources, there are challenges of satisfying
rapid and substantial increases in water demand for
industrial, domestic and agricultural purposes. The
annual precipitation in MENA countries ranged between
150 and 600 mm, while the available water resources are
limited, overexploited, polluted, politically confronted. A
recent survey [1] on the present water uses in these
regions revealed an average of 22% for municipal use, 3%
for industrial use and 75% for agriculture use. Non-con-
ventional resources such as seawater and brackish water
desalination, in addition to limited reclaimed effluent, can
alleviate the looming water crises in the MENA zone. In
the Gulf region and South Mediterranean countries,
experts [2,3,13] have already realized the nature of these
challenges and recommended several key policies for
water stressed countries, including a reduction of water
subsidies, an increase reclaimed effluent reuse, aquifer
recharge, advancement of local industrial bases and
building capacity in sustainable membrane processes for
both water and wastewater treatment [14,15,18].
The membrane-based activated sludge technology,
referred to as membrane bioreactor (MBR), is the combi-
nation of activated sludge process with effective sludge
separation using either microfiltration (MF), ultrafiltartion
(UF), nanofiltartion (NF) or effluent reclamation utilizing
reverse osmosis (RO) stages. In Europe, the application of
membrane-based wastewater treatment systems, mostly
the MBR type as indicated by Rachwall and Judd [4], is
promoted under official legislations to meet the Drinking
Water and European Union Bathing Water Directives.
Two types of submerged modules are available today on
the market: flat-sheet membranes and hollow-fiber mem-
brane modules. An analysis by Lesjean and Luck [5] on
the current MBR applications for municipal wastewater
treatment revealed that flat-sheet systems are feasible for
medium-size WWT plants, while hollow-fiber systems are
adequate for large urban sewage works. In Europe, the
largest MBR plant equipped with Zenon modules was
installed in 2004 to serve the City of Kaarst (Germany)
with an 80,000 population equivalent. A quick develop-
ment and application of MBR technology has been
illustrated by the establishment of a Zenon membrane
bioreactor in Washington (USA) to treat a daily municipal
flow of 144,000 m3. Within the MENA countries, the avail-
able knowledge regarding municipal MBR is extremely
limited and often very specific for a particular country’s
wastewater characteristics [19–29].
In this article, we first discuss major challenges facing
the Mediterranean and North African countries behind
endorsing membrane technologies for wastewater treat-
ment, focusing on currently available published data.
Second, the recent technological and current economic
advancements of membrane-based treatment technologies
are reviewed as the major drivers for the membrane
processes promotion. Finally, recommendations pertinent
to future research on membrane technologies are sug-
gested to enhance their implementation as advanced
sustainable water treatment processes.
2. Applied methodology
The PROMEMBRANE consortium is composed of a
research committee from six countries representing a wide
range of expertise in desalination technology, environ-
mental engineering, water resources planning, and public
health. The project entailed nine selected MENA countries
in two geographical regions. The Middle East (Region A)
including Syria, Lebanon, Jordan and Palestine and North
Africa (Region B) including Egypt, Tunis, Libya, Algeria,
and Morocco. Two database files have been created: one to
collect information about the current research activities
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and another to map professional experts, research centers
and universities focussing on MT applications for water
and wastewater treatment. The findings of this article are
based on the authors’ own experience, data collected from
114 articles of 550 peer-reviewed papers found on the
application of MT for water and wastewater treatment,
and 22 installed laboratory- and full-scale membrane-
based treatment systems. The authors claim by no means
the exclusivity of the database files created. For MBR
installations and published works from the countries
under study, the WERF-Database and MBR-Network
were accessed (http://www.mbr-network.eu/mbr-
database/literature.php).
Feedback and discussions with relevant experts during
workshops were also collected; however, due to space
limitations, the results are not presented. As national R&D
programs for the MBR technology applications in waste-
water treatment and reclamation have started in some
MENA countries, compiled research efforts made in
Tunisia, Morocco and Algeria are presented and dis-
cussed. However, due to space limitations, it is not the aim
of this paper to compare the MT efforts made within the
MENA countries with those R&D efforts on MT appli-
cations in industrialized countries [4,5,21–24,30,31].
3. Results and discussion
3.1. Researchers and experts working in the field of membrane
technology
In Palestine, a total number of 80 researchers identified
their filed of expertise in membrane technology including
desalination application in water and sanitation facilities.
Fig. 1 illustrates the distribution of the researchers on R&D
institutions where about 67% are working in both aca-
demic and governmental agencies. The non-governmental
organization (NGO) sector is actively working in the field
of MT where about 22% of experts are engaged in both
local and foreign NGOs. The industrial sector has about
12% of experts employed. Almost half of the Jordanian
academic staff (55%) are professionals working in the
governmental sector (25%), leading to 80% of the experts
are working by the public sector.
Compared to Jordan and Palestine, the situation in
Lebanon is totally different where the vast percentage
(60%) of membrane professionals is employed by indus-
try. Despite many attempts to collect technical data on
academic and governmental experts, only a few were
identified. About 24% of MT experts were found working
at academic institutions and even less (4 %) are encaged in
governmental departments. For Syria, Fig. 1 shows a
similar percentage of expert’s distribution working in
academic departments, however with a smaller share
(29%) of industry involved in MT technology planning
and marketing. It is worth mentioning that a total per-
Fig. 1. Distribution of professionals identified as MT experts
in region A.
centage of 58% of MT identified themselves as employed
within the public sector (academia and government),
compared with 80% and 67% in Jordan and Palestine,
respectively.
Compared with compiled published works (data not
shown) from North Africa (Area B: total 70 articles), the
total publications of 44 mapped in Area A were grouped
into the following application areas: (1) drinking water
treatment; (2) wastewater treatment (domestic, grey
wastewater, industrial, municipal, leachate and effluent
reclamation). The grouping was performed according to
the main objective of the PROMEMBRANE project. As the
number of professionals specialized in MT is limited in
Area A, and the region is characterized as a water scarce
zone, the main focus of publications was on use of MT
applications for drinking water treatment (Fig. 2). Among
the drivers for MT professionals to focus on drinking
water treatment rather than wastewater purification are
water demands increase, groundwater overexploitation,
surface water pollution increment, ineffective service
delivery and aging of water infrastructures [4–7,32,33].
During the 5 years 1996–2000, only six papers tackled MT
for water and wastewater treatment.
A rapid increase of published articles is identified
during the five years 2001–2005 where about 52% of the
papers were on the use of MT for both water desalination
of brackish water and marine water sources for drinking
water purposes. Also a marked increase of 25% of pub-
lished scientific work is made on use of MT in wastewater
treatment and effluent reclamation. This definitively
shows the importance of membrane processes as a part of
water scarcity and production of reclaimed effluent suit-
able for agricultural irrigation. This might be induced by
annual drought periods, limited quantity and degraded
quality of available freshwater resources due to over-
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Fig. 2. Research publications on application areas of MT
technology in region A.
exploitation, additions of allocthonus pollution loads and
salt intrusions, stringent local and regional standards on
treated effluent destined to agricultural irrigation. 
As indicated earlier, few NGOs and companies work-
ing in the field of MT in the area can have a positive
impact on enhancing MT applications in various fields.
However, the link between experts in research institutions
and the private sector (industry) is still very weak, thus
few efforts are being made from industry to invest in R&D
of membrane technology. Also, the current professional
batch within this region come directly from either M.Sc. or
Ph.D. programs with little practical experience in engi-
neering offices or MT companies working at the inter-
national level.
3.2. MT research topics within area A
In a similar way, the 44 total publications found in
region A were classified and grouped into the following
main research fields: (1) general research (GR) papers on
review and theoretical aspects of MT use in water treat-
ment and wastewater treatment; (2) fundamental research
aspects, which include operation and design parameters,
fouling, cost, modeling, membrane-aided treatment sys-
tems, hybrid modules, pre- and post-treatment. As the
number of research papers is few, the papers were
grouped in only two application areas without differen-
tiation on the type of water or wastewater. Fig. 3 illus-
trates chronologically the distribution of published papers
within the two research topics of MT applications: GR
issues and specialized applied research themes (FR).
It is obvious that only GR papers on MT applications
were written during the 1990s (1996–1999); this is clearly
due to the limited human and financial resources available
in the region. However, FR has been published from
conducted research on MT applications in both water and
wastewater treatment since 2000. There are sharp varia-
tions in the number of published works among the
individual countries in Area A. For example, only four
Fig. 3. Research publications on application areas of MT tech-
nology in region A.
papers were found published by the experts in both
Lebanon and Syria, while Palestine and Jordan have
published 10 and 29 respectively. GR papers constitute
about 57% while applied FR entailed only 41% of the total
published articles in this region. This is a good sign that
MT has gained interest from the research community and
policy makers for the provision of drinking water and
improving effluent quality.
3.3. Technical advancements of membrane technologies in
region B
Compared to MT applications in water treatment
(desalination), the introduction of wastewater membrane
and reclamation facilities in the MENA region has been, if
any, more regionally based. While in the Mediterranean
zone (region A) a larger number of research studies were
conducted in the area of potable water desalination than
for wastewater treatment, the situation was reversed in
North Africa (region B). This could be attributed to the
existence of well established research groups, availability
of funds, and enforcement of national laws pertinent to
protection of tourist coastal areas. This enabled MBR
research and applications to flourish at laboratory, pilot-
and full-scale installations for high strength industrial
flows, municipal sewage treatment and tourist sites
[6–18,34–50].
It is assumed that the caution of North African muni-
cipalities to consider advanced treatment systems as
MBRs to the well established conventional treatment
options might have delayed the application of MBRs into
the municipal arena. However, the promotion of MBR in
industrial applications, particularly for high strength,
difficult to treat waste streams, allowed for alternative
technologies such as MBRs. This has been reflected in
more than 70 published articles from research groups in
Tunis, Algeria, and Morocco only (data for Egypt and
Libya ongoing) the installation of three full-scale instal-
lations for industrial wastewater treatment in Tunis, and
Algeria (e.g. [8–12,46]). As of May 2007, the total number
of installed membrane-based wastewater treatment plants
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Table 1
Number of membrane-based WWTPs in the Mediterranean and North Africa zone
Number Full scale Country Number Laboratory scale Country
3 Domestic Egypt 0 Domestic None
3 Municipal Palestine, Israel 4 Municipal Tunis
3 Industrial Tunis, Algeria 9 Industrial Tunis, Morocco, Algeria
9 Total 13 Total
(immersed and external MBRs, UF/RO) in laboratory-
and full-scale applications (domestic, industrial and
municipal) has reached 22 (Table 1).
More than half of the membrane-based WWTPs
installed within the MENA countries are installed for
R&D activities including membrane development, process
performance optimization, and fundamental research.
Table 1 shows that all installed membrane-based treat-
ment systems, except two pilot-scale systems (Palestine
and Israel) utilizing UF/RO as a post-treatment stage are
MBRs. Six out of nine of the full-scale installed MBRs, of
which 50% serve the municipal sector, are membranes
immersed with a hollow-fiber configuration [6,19–20,48].
Compared to conventional WWT systems, MBRs are
advantageous in terms of small footprints, process flexi-
bility and excellent hygienic effluent quality, which is
suitable for various purposes including unrestricted
agricultural irrigation. However, MBRs show higher
energy demand, require a higher level of automation,
skilled operational staff and frequent cleaning due to
fouling and scaling. To modify colloidal fractions in
primary and secondary treated wastewater, which plays
a significant role in membrane fouling, coagulation and
adsorption were found to increase the efficiency of UF
with reduction needs for membrane regeneration [8–11].
To date, much of the research efforts made within the
African countries on membrane-based treatment systems
have mainly focused on bench- or pilot-scale studies
[34–36] and short-term operations in municipal applica-
tions. Laboratory-scale studies on industrial applications
with particularly high strength and difficult to treat waste
streams, however, were conducted as alternative tech-
nologies such as MF/UF/NF [8–11,37–42]. However,
regardless of the source of wastewater, whether it is
municipal or industrial, very few publications involved
full-scale studies for long-term operational periods [43,44].
For pathogen removal and municipal wastewater pre-
treatment, anaerobic MBRs have proven to be a particu-
larly reliable technique [45,46]. Few research studies were
made on development of local material to improve
membrane structure, control fouling, and improve flux
permeate at lab scale experiments using dual-membrane
systems (MF/UF) and MBR units [17,18,50–55]. Mem-
brane biofouling is considered a crucial problem in MT
application for both water and wastewater treatment with
potential impact on annual operating costs and water
quality. A review on process design, fouling reduction
and proper operation of MBR systems implemented
worldwide can be found else where [56–63].
3.4. Future research in membrane technologies
The results of this project identified wide research
areas related to the types of scientific and technical
advances that are crucial for membrane water treatment
technologies to find broad acceptance and application in
the countries under study. To achieve sustainable, afford-
able and adequate wastewater treatment facilities in the
MENA zone, allocation of regional research funds to
guide membrane processes research in the MENA region
are required. In this article, we discussed various aspects
of current research efforts within the MENA countries
including the challenges of MT for wastewater treatment
and reclamation. It was demonstrated that the availability
of experts and well-trained practitioners, well-equipped
research facilities, availability of funds, affordability and
technical feasibility of MT, as well as the official commit-
ment and endorsement of stringent effluent standards on
treated effluent for intended uses depend on each other.
Protecting the quality of surface and groundwater
requires sustainable management on a watershed basin
scale to consider every impact on the water. Of equal
importance is public health protection, which calls for safe
brine disposal or effluent reuse [64–67]. This implies use of
advanced treatment technologies, among which are the
membrane-based processes. However, because water
quality criteria are dependent on local conditions within
the MENA region, it is necessary to define groups of
similar rivers by clustering them as eco-regions. As
protection of the aquatic environment and public health
pertinent to emergent pollutants more often lacks a con-
firmed scientific, financial and managerial basis, further
research and updating of criteria based on large-scale
MBRs are needed [68–70].
Forming cooperation between technology developers
and leading companies is a crucial approach that dramati-
cally shortens the time required to promote MT and
address some of today’s key business problems and
challenges. The approach provides ready access to profes-
sionals best qualified to provide commercial development
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guidance for new MT-based options [19,20]. It enables
development or co-development of new membrane-based
systems through collaboration or joint development with
trend-setting companies who are expert and leaders in
their fields [71–73].
Water scarcity in the MENA region has promoted the
use of unconventional water sources, namely seawater,
brackish water and treated/reclaimed wastewater, which
are actually unlimited. With adequate membrane design,
utilizing MF/UF as pre-treatment processes might reveal
wastewater desalination costs lower than seawater desali-
nation costs, thus making wastewater desalination as one
of the feasible processes to produce water that fits many
industrial water quality requirements [6–18,50,51]. In the
future, it is likely that direct processing of wastewater in
MBRs followed by RO will open up more opportunities
for effluent reuse for a wide range of purposes. However,
recent studies [30,31,53–55] made on MBRs sustainability
revealed an overall sustainability for the MBRs as good;
however, the current capital and operational costs of
membrane-based treatment technologies may not neces-
sarily satisfy some economic and ecologically sustain-
ability criteria [59,72–77].
The technical feasibility of MT applications in waste-
water treatment is very well documented, but the wide-
spread utilization of membrane based processes is
constrained by the high capital and operational costs. The
price of membranes, their replacement frequency and the
electrical energy consumed are the most important factors
influencing the costs of the processes [23–30,38–42]. Thus,
it is important to select an adequate membrane type as
well as to optimize the operational conditions of the
preceding treatment stage case by case. However, recent
rapid proliferation of MBRs as a result of the technological
advances and reduced costs has resulted in many owners,
operators and engineers considering them as part of plant
upgrades and expansion plans of overloaded sewage
works [59,70–77]. Nevertheless, a breakthrough in MT
advancement for wastewater treatment and effluent
reclamation can be made only if we can prove its cost
effectiveness and sustainability for developing counties. A
revolution in nanoscience and membrane engineering will
have a potential impact on social, environmental and
economical development as well as on the political
stability in Arab MENA countries in particular.
4. Conclusions and recommendations
Establishing databases on published literature and
experts based on a literature survey and distribution of
questionnaires to collect reliable data on MT applications
from individual MENA countries was a challenge, facing
numerous obstacles. These included but were not limited
to lack of funding, management commitment, as well as
professional experts and practitioner personnel. Other
barriers most commonly cited by respondents include:
& absence of competitive industry and less economical
motivations
& lack of regulatory motivation at local and regional
levels
& un-coordinated training and lack of R&D programs
& limited practical experience by academic and unskilled
operating staff
& lack of funds for both investment and operation
These barriers make the implementation of MT for
wastewater treatment and reclamation difficult and
impede their sustainability and wide-scale promotion in
the MENA region. The current membrane-based waste-
water treatment systems are almost entirely MBR-based
technology at pilot-scale levels for industrial wastewater
and are predominantly located in the North African coun-
tries. Growth in membrane technologies in the municipal
sector is likely to be advanced by a combination of
decreasing process costs, increasing stringency of environ-
mental legislation and further process innovation, such as
the submerged membrane module. A break-through in
the industrial commercialization of membrane-based
wastewater treatment technologies in the MENA region
will only be possible by converting the MT into a profit-
making proposition. This can be enhanced by close
cooperation among industries, research communities and
decision makers, utilizing committed and reliable multi-
disciplinary research groups in various R&D fields. The
following recommendations can be made:
1. Building on the current efforts and recent techno-
logical advancements, a strategic research program
should be developed to enhance the R&D activities
pertinent to performance improvement and cost reduction
of current membrane-based wastewater treatment tech-
nologies in the MENA region.
2. A strategic research investment program including
budget estimates requires adequate and shared funding
from industries, government and the public and private
sectors. The funds needed to implement this program will
promote innovative research; enhance capacity building,
award research efforts, and advance knowledge transfer
and communication.
3. Establishing sustainable networking; initiation
public–private–partnerships; creation of national, regional
and international industrial alliances; public awareness
campaigns; and creation of local and regional R&D incu-
bators are among the crucial efforts needed to enhance the
promotion of membrane-based wastewater treatment
technologies in the MENA countries and worldwide.
Acknowledgements
The PROMEMBRANE project is supported by the EU.
This paper was generated partially from data originally
14
R. Al-Sa’ed et al. / Desalination and Water Treatment 4 (2009) 287–293 293
provided by the questionnaire respondents and the MBR
database of WERF, whose help the authors gratefully
acknowledge. Knowledge-sharing on literature data from
conference proceedings provided by Prof. Gary Amy of
UNESCO–IHE, Delft, is highly appreciated. The authors
are indebted to the anonymous referees for their con-
structive comments.
References
[1] A.A. Bushnak, Desalination, 78 (1999) 133–145. 
[2] M.A. Mandila and A.A. Bushnak, Desalination, 152 (2002) 15–18.
[3] P. Magiera, T.Z. Suzan and L. Nolte, Manag. Env. Qual.: An Int. J.,
17 (2006) 289–298.
[4] T. Rachwal1 and S. Judd, Water Environ. J., 20 (2006) 110–113.
[5] B. Lesjean and F. Luck, http://www.idswater.com/water/
europe/default/4/white _papers_list.html, 2006. (Accessed Nov.
1, 2008).
[6] ] Y. Harussi, D. Rom, N. Galil and R. Semiat, Desalination 137
(2001), 71-89.
[7] M. Al-Sa’ed, M. Khamis and M. Dakiky, Proc. Int. Symposium on
Biotechnology, Sfax, Tunis, 2008, pp. 135–141.
[8] R.M. Ben Aim and M.J. Semmens, Water Sci. Technol., 47 (2003)
1–5.
[9] J. Bentama, K. Ouazzani, Z. Lakhliai and M. Ayadi, Desalination,
168 (2004) 295–299.
[10] C.F. Lin, Y. Huang and O.J. Hao, Water Res., 33(5) (1999) 1252–
1264.
[11] F. Hassaine-Sadi and L. Sadoun, Desalination, 185 (2005) 335–340.
[12] A. Benzaoui and A. Bouabdallah, Desalination, 165 (2004) 105–
110.
[13] A. Elhassadi, Desalination, 220 (2008) 115–122.
[14] M. Aboabboud and S. Elmasallati, Desalination, 203 (2007) 119–
133.
[15] S. Adham, P. Gagliardo, L. Boulos, J. Oppenheimer and R.
Trussell, Water Sci. Technol., 43 (2001) 203–209.
[16] K. Madwara and H. Tarazi, Desalination, 152 (2002) 325–332.
[17] D.G. Argo and J.G. Moutes, J. Water Poll. Cont. Fed., 51(3) (1979)
590–600.
[18] M. Rebhun, Desalination, 160 (2004) 143–149.
[19] G. Oron, A. Bick, L. Gillerman and Y. Manor, Water Sci. Technol.,
50 (2004) 305–312.
[20] G. Oron, L. Gillerman, N. Buriakovsky, A. Bick, M. Gargirb, Y.
Dolan, Y. Manor, L. Katz and J. Hagin, Desalination, 218 (2008)
170–180.
[21] R.J. Xie, M.J. Gomez and Y.J. Xing, Desalination, 219 (2008) 26–39.
[22] K.J. Hwang, C.Y. Liao and K.L. Tung, J. Membr. Sci., 287 (2007)
287–293.
[23] N.M. Al-Bastaki, Chem. Eng. Processing, 43 (2004) 935–940.
[24] R. Semiat, Water Inter., 25 (2000) 54–65.
[25] D.S. Kim, J.S. Kang and Y.M. Lee, Sep. Sci. Technol., 39 (2004) 833.
[26] M. Ellouze, A. Saddoud, A. Dhouib and S. Sayadi, Microbiol. Res.,
164 (2009) 138–148.
[27] A. Saddoud, M. Ellouze, A. Dhouib and S. Sayadi, Desalination,
207 (2007) 205–215.
[28] A. Saddoud, M. Ellouze, A. Dhouib and S. Sayadi, Environ.
Technol., 27 (2006) 991–999.
[29] R. El Sheikh, M. Ahmed and S. Hamdan, Desalination, 156 (2003)
39–42.
[30] A.G. Fane and S. Fane, Water Sci. Technol., 51 (2005) 317–325.
[31] A.G. Fane, Desalination, 202 (2007) 53–58.
[32] A. Wolf, Annu. Rev. Environ. Resour., 32 (2007) 3.1–3.29.
[33] J.A. Howell, T.C. Arnot and W. Liu, Adv. Membr. Technol., 984
(2003) 411–419.
[34] S. Khemekhem, R. Ben Amar, R. Ben Hassen, A. Larbot, A. Ben
Salah and L. Cot, Annales Chimie (Ann. chim.), 31 (2006) 169–181.
[35] S. Chaize and A. Huyard, Water Sci. Technol., 23 (1991) 1591–
1600.
[36] D. Abdessemed and G. Nezzal, Desalination, 175 (2005) 135–141.
[37] C. Fersi, L. Gzara and M. Dhahbi, Desalination, 185 (2005) 399–
409.
[38] S. Masmoudi, R. Ben Amar, H. Feki, A. Larbot, L. Cot and A. Ben
Salah, Desalination, 200 (2006) 335–336.
[39] B. Lesjean, S. Rosenberger, C. Laabs, M. Jekel, R. Gnirss and
G. Amy, Water Sci Technol., 51 (2005) 1–8.
[40] N. Saffaj, S. Alami Younssi, A. Albizane, A. Messouadi, M.
Bouhria, M. Persin and A. Larbot, Desalination, 168 (2004) 259–
263.
[41] J. Bentama, A. El Ghzizal and J.Y. Ferrandis, Desalination, 206
(2007) 1–8.
[42] Z. Badani, H. Ait-Amar, A. Si-Salah, M. Brik and W. Fuchs,
Desalination, 185 (2005) 411–417.
[43] A. Dhouib, F. Aloui, N. Hamad and S. Sayadi, Process Biochem.,
41 (2006) 159–167.
[44] K. Khider, D.E. Akretche and A. Larbot, Desalination, 167 (2004)
147–151.
[45] A. Saddoud, M. Ellouze, A. Dhouib and S. Sayadi, Desalination,
207 (2007) 205–215.
[46] M. Khamis, A. Manassra and M. Dakiky, Proc. Int. Conf. Water
Values and Rights, Ramallah, 2005, pp. 344–355.
[47] S. Judd, Water Sci. Technol., 49 (2004) 229–235.
[48] K. Quteishat, M.K. Abu Arabi and K.V. Reddy, Desalination, 156
(2003) 1–20.
[49] S. Šostar-Turka, I. Petriniæ and M. Simoniè, Res. Cons. Recycling,
44 (2005) 185–196.
[50] D. Wichelns and M. Nakao, IWRA, Water Inter., 32 (2007) 230–
243.
[51] E. Alonso, A. Santos, G.J. Solis and P. Riesco, Desalination, 141
(2001) 39–51.
[52] B.Q. Liao, D. Bagley, G. Kraemer, G. Leppard and S.N. Liss, Water
Environ. Res., 76 (2004) 425–436.
[53] S. Rosenberger, C. Laabs, B. Lesjean, R. Gnirss, G. Amy, M. Jekel
and J.-C. Schrotter, Water Res., 40 (2006) 710–720.
[54] J. Zhang, H.C. Chua, J. Zhou and A.G. Fane, J. Membr. Sci., 284
(2006) 54–66.
[55] E.H. Bouhabila, R. Ben-Aim and H. Buisson, Sep. Purif. Technol.,
22/23 (2001) 123–132.
[56] A. Drews, C.H. Lee and M. Kraume, Desalination, 192 (2006) 1–9.
[57] P. Le-Clech, V. Chen and A.G. Fane, J. Membr. Sci., 284 (2006)
17–53.
[58] S. Wang, G. Guillen and E.v. Hoek, Environ. Sci. Technol., 39
(2005) 6461–6469.
[59] W. Yang, N. Cicek and J. Ilg, J. Membr. Sci., 270 (2006) 201–211.
[60] T. Younos, J. Contemp. Water Res. Edu., 132 (2005) 11–18.
[61] I.S. Al-Mutaz, Environ. Monitoring Assessment, 16 (1991) 75–84.
[62] R. Boussahela, A. Montielb and M. Bauduc, Desalination, 145
(2002) 109–114.
[63] S. González, M. Petrovic and D. Barcel, Chemosphere, 67 (2007)
335–343.
[64] D. Nghiem, A. Manis, K. Soldenhoff and A. Schäfer, J. Membr.
Sci., 242 (2004) 37–45.
[65] I. Safrai and A. Zask, Proc. Int. Conf. Innovations and Appli-
cations Sea-Water and Marginal Water Desalination, Israel Desali-
nation Society, available at http://gwriic.technion.ac.il, 2006.
[66] P.A. Wilderer, Water Sci. Technol., 51 (2005) 1–6.
[67] N.I. Galil and Y. Levinsky, Desalination, 202 (2007) 411–417.
[68] T.K. Chen, C.H. Ni, J.N. Chen and J. Lin, Water Sci. Technol., 48
(2003) 191–198.
[69] M. Gander, B. Jefferson and S. Judd, Sep. Purif. Technol., 18 (2000)
119–130.
[70] P. Cornel and S. Krause, Water Sci. Technol., 53 (2006) 37–44.
[71] I.C. Escobar, Environ. Progr., 24 (2005) 355–357.
[72] K. Ouazzani and J. Bentama, Desalination, 220 (2008) 290–294.
[73] F.-B. Frechen, W. Schier, M. Wett and A. Waldhoff, Eng. Life Sci.,
6 (2006) 68–73.
[74] P. Le-Clech, V. Chen and A.G. Fane, J. Membr. Sci., 284 (2006)
17–53.
[75] G. Ondrey, Chem. Eng., 112 (2005) 15–16.
[76] DWA German Association for Water, Wastewater and Waste e.V.,
Working Report No. 2, Technical Committee on MBR Technology
at Municipal WWTPs, Hennef, Germany, 2005.
[77] A. Balkwill and R. Arviv, Proc. Int. Conf. on Innovations and
Applications of Sea-Water and Marginal Water Desalination,
Israel Desalination Society, available at http://gwri-ic. technion.
ac.il, 2006.
15
Hydrochemistry of the Natuf Drainage Basin
in Ramallah Area/West Bank
Ibrahim Shalash and Marwan Ghanem
The article can be quoted as:
Shalash, I., Ghanem,M. (2007) "Hydrochemistry of the Natuf Drainage Basin in Ramallah Area/
West Bank",  Environmental Geology, 55: 359-367.
2
16
ORIGINAL ARTICLE
Hydrochemistry of the Natuf drainage basin
in Ramallah area/West Bank
Ibrahim Shalash Æ Marwan Ghanem
Received: 1 November 2005 / Accepted: 30 July 2007 / Published online: 23 August 2007
� Springer-Verlag 2007
Abstract The Natuf drainage basin in the western hills of
Ramallah district is about 200 km2. Many springs emerge in
the area from perched aquifers and outcrop from limestone
and dolomite limestone formations. This study aims to add
more information about hydrochemical parameters and the
chemical changes in spring water between dry and wet
seasons and to locate possible sources of pollution and their
effect on the water quality of water from the springs
for domestic and agricultural uses. The study involved
collection and analysis by conventional and available
instrumental methods for the hydrochemical parameters
from 12 springs before and after recharge. Water samples of
runoff from two places in eastern and western parts of the
study area were collected and analyzed as well. Most of the
springs in the study area are of good water quality for
domestic and agricultural uses. Variations in the chemical
composition between dry and wet seasons, and from one
spring to another, were observed. Springs near densely
populated areas and agricultural activities show higher
values of EC, SSP, SAR and TH. Also uncountable colonies
of faecal- and total coliform were detected. Trace amounts,
within World Health Organization (WHO) and the Pales-
tinian standard limits, of cadmium, chromium, cobalt and
lead are found in some springs; while concentrations of iron
and zinc that were detected in springs near populated areas
are higher than other springs. Water types of Ein Musbah,
Al Alaq and Ein Arik El Tehta are of earth alkaline with
increased portion of alkalis with prevailing bicarbonate and
chloride in wet and dry seasons. Other springs show a
variation in water type between earth alkaline with pre-
vailing bicarbonate in the wet seasons to earth alkaline with
prevailing bicarbonate and chloride in the dry seasons.
Keywords Hydrochemical parameters � Water types �
Natuf drainage basin � Western Aquifer Basin
Introduction
The continuous supply of high quality water is essential for
economic growth, quality of life, environmental sustain-
ability and survival. The quantity and quality of potable
water varies over time and space, and is inﬂuenced by
natural and man-made factors, including climate, hydrog-
eology management practices and pollution. In the West
Bank, the demand for potable water for domestic uses has
increased in the last few decades because of the rapid
increase of population in the West Bank.
Ground water is the major source of fresh water in the
West Bank and provides about 70% of drinking and
domestic water needs. The sole source of groundwater in
the West Bank is in the Mountain Aquifer System, which is
divided into three subsurface drainage basins: Northeast-
ern; Western and Eastern.
The Natuf drainage basin, which is part of the Auja-
Tamaseeh sub-basin1 in the Western subsurface drainage
basin, like other areas in the West Bank, suffers from the
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Chemistry Department, Birzeit University,
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scarcity of water as well as other parts in the West Bank.
The scarcity of water in the study area has limited land use
for agriculture.
Heavy exploitation of groundwater, the shortage of
sewer systems, the wide distribution of cesspools and
septic tanks with inadequate quality control, the common
practice of gray water disposal into gardens and road dit-
ches and the uncontrolled disposal of untreated municipal
sewage into valleys, may cause rapid contamination of
aquifer systems through karstic conduits in the area
(Qannam 1997).
Because of the lack of information about water quality
in the area, there is a need for investigation of chemical and
biological pollutants in water to determine the sources of
pollution, which will help authorities to prepare and to
implement successful management plans.
Location and geography of Natuf drainage basin
Natuf drainage basin is in the Western part of the West
Bank between 34� 980 W and 35� 260 E, it is about
204 km2, and drains from the mountains of Western Jeru-
salem into the coastal plain of Mediterranean Sea and
serves about 80,000 inhabitants that are distributed into 28
villages and some parts of Ramallah city (PCBS 1999).
Natuf drainage basin is one of the main recharge areas in
the Western Aquifer Basin (WB). It has a cultural value as
one of the oldest world cultures, Natuﬁan culture, 8000 BC,
where man began the ﬁrst domestic agricultural commu-
nity. The area will be soon listed by UNESCO as one of the
world’s cultural reserves in Palestine for its historic and
cultural heritage (Ministry of Tourism and Antiquities
2005).
Climate
West Bank is in the Mediterranean climate, which is con-
sidered to be semi-arid to arid climate, with dry and wet
seasons. The wet season starts approximately in early
November and extends to late April. The rainfall in the
study area ranges between 400 and 900 mm (Meteorolog-
ical Service 2003). Out of the rainfall, 2–13% returns to the
Mediterranean Sea as surface runoff, 20–26% inﬁltrates to
groundwater aquifers, and the rest is lost by evapotrans-
piration (Rofe and Raffety 1965)
The study area is part of the hilly regions in the West
Bank. Temperatures are lower than other places in the
West Bank. The temperature in the coldest month (January)
is in the range of 6–13�C and the average temperature in
the hottest month (August) was 37.5�C during 1994–1995.
The mean annual temperature ranges between 18 and 20�C
(Applied Research Institute in Jerusalem 1996).
Hydrology of the study area
Water resources in the Natuf drainage basin originates
from rainfall in the winter season and from snowmelt
which falls occasionally for a few days on the eastern parts
of the study area near Ramallah and Birzeit hills.
The Natuf drainage basin is underlain by the Western
aquifer; many springs emerge in the study area (Table 1),
with an average annual discharge of 0.3–0.6 million cubic
meters (mcm) of fresh water, which is used for domestic and
agricultural purposes. There is only one groundwater well
from the lower aquifer near Shibteen village downstream
Natuf valley, which is controlled by the Israeli Water
Authority (Mekarot) and supplies about 0.7 mcm/year of
Table 1 Springs in the Natuf drainage basin
No. Spring code East North Spring name Location Formation
1 BA/152 166.775 152.575 Al-Alaq Abu Shekhedem Qatana
2 BA/153 164.700 149.900 Harrashah Al-Mazr’a Al-Quibliya Qatana
3 BA/157 159.100 155.410 Akari Beitillu Bottom upper beit kahel
4 BA/158 161.440 153.700 Al-Balad Beitillu Bottom Lower Yatta
5 BA/159 161.400 154.140 Al-Quos Beitillu Lower upper Beit kahel
6 BA/163 165.000 148.680 Old JWU well Ein Qinia Lower Ein Qinia
7 BA/170 163.600 145.850 Ein Arik Al-Fuqa Ein Arik Lower lower Beit kahel
8 BA/171 163.400 146.180 Ein Arik Al-Tehta Ein Arik Lower lower Beit kahel
9 NS/007 159.130 150.580 Ein Ayoub Ras Karkar Hebrona
10 NS/040 159.410 153.440 Al-Tina Jammalah Lower Yatta
11 NS/041 159.740 153.600 Al-Shakhariq Deir Ammar Lower Yatta
12 NS/MUS 169.380 146.275 Ein Musbah Ramallah Lower upper Beit kahel
13 SHW 155.220 153.250 Shibteen Well Shibteen Hebron
a The formation in this site is more likely alluvial
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fresh water. The apparent surface water is the base ﬂow of
the springs and the seasonal ﬂow of valleys during heavy
storms (Fig. 1).
Geology of the study area
The geological settings in the Natuf drainage basin are
composed of thick sequences of layered limestone, dolo-
mite, chalk and marl. The main outcrop formations belong
to formations of the Albian to Turonian age (Fig. 2).1
Most of the springs are distributed in the middle part of
the study area near Beitillu and Deir Ammar, where Yatta
formation, which is an Aquitard, is dominant. The ﬂow
discharge of these springs is greatly affected by the
intensity of precipitation and by the heavy withdrawal
(80 m3/h) of Shibteen productive well down stream of
Natuf Wadi. Springs in the study area are an outcrop of
perched aquifers distributed over Ramali, Yatta and Abu
Dis Aquitard formations (Fig. 2).
Methodology
The hydrochemistry of the springs in the study area has
been monitored by many researchers. Collected hydro-
chemical data from the springs of the study area from 1999
to 2002 were used in this work for comparison.
Sampling
The sampling protocol was carried out in wet and dry
seasons, starting from November 2003 to May 2005; a total
of 47 samples were collected. Twelve major springs were
assigned for sampling campaign (Table 1). During winter
2005, two samples were collected from Shibteen well, one
runoff sample near Birzeit University and one sample from
Al-Fawarah, Seasonal Base ﬂow from Natuf valley, giving
a total of 51 samples.
The water samples were collected in 1-l polyethylene
bottles and refrigerated in the laboratory at 2�C. Onsite
Fig. 1 Location of the Natuf
drainage basin
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tests for pH, electrical conductance (EC) and temperature
(T) were carried out for each site using Hanna ﬁeld mul-
timode meter.
Three sites, Ein Musbah, Harrashah and Al Alaq, were
chosen for biological tests, to show the possibility of
wastewater intrusion from sewer systems and cesspit.
Samples from these sites were collected in sterile 100 ml
glass bottles, cooled and transferred to the laboratory on
the same day for biological tests.
Laboratory tests
All samples were acidiﬁed for trace elements analysis, with
69% nitric acid (14.4 M); a Perkin–Elmer ICP Optima
3000 was used to detect iron, copper, zinc, chromium, lead,
cadmium, cobalt and magnesium.
A Sharewood 4010 ﬂame photometer was used to
determine calcium, sodium and potassium. A HP 8453
Diode Array Spectrophotometer was used to determine
nitrate and sulfate concentrations. A Hanna pH multi-meter
was used onsite for the determination of pH, TDS, EC
temperature. A Metrohm 716 titrator used to determine
chloride and bicarbonate concentrations.
Results and discussion
The mean values of major ion concentrations, pH and
calculated PCO2 for the 12 springs and Shibteen well for the
period from October 2003–May 2005 are listed in Table 2.
HCO3
– is the dominant anion in all springs, and ranges
between 174 and 321 mg/l, Cl– is the second most
Fig. 2 Geological formations
of Natuf area
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abundant anion with ranges between 29.5 and 97.5 mg/l.
The concentrations of NO3
– show moderate values below
the WHO limits of 45 mg/l (World Health Organization
1996) and Palestinian drinking water standards (Palestinian
Standards Institute 2005). Two sites, Al - Alaq and Ein
Musbah springs, show average values of nitrate 56.3 and
51.6 mg/l, respectively (Fig. 3). Those two springs are in a
densely populated area where cesspits are in the outcrop
area of these springs. SO4
–2 concentrations are moderate
compared to the dominant anions.
The Na+/Cl– ranges between 0.26 and 0.8 in all samples
except one sample collected in the dry season of 2003 from
Akari spring showed a Na+/Cl– ratio of 1.79. The high
levels of sodium and chloride are assumable to be related to
contamination processes (Helena 1998). The high con-
centrations of sodium and chloride found in Al Alaq, Ein
Ayoub and Ein Musbah reveal the probable wastewater
leakage from sewer systems and cesspits. All samples lie
within the pH range of 7.1–8.1. The calculated values of
PCO2 are higher than the atmospheric PCO2 (10–3.5 bar),
which indicates that the water from the spring is saturated
with CO2 during inﬁltration of rainfall water.
Saturation indices (SI), listed in Table 3, for anhydrite
(CaSO4), aragonite (CaCO3), calcite (CaCO3), dolomite
(CaMg(CO3)2) and gypsum (CaSO4.2H2O) were calculated
for 47 samples using PHREEQC.
The SI for anhydrite and gypsum is below zero in all
samples, which means that water is undersaturated with
respect to anhydrite and gypsum. SI for Aragonite is
between –0.7 and 0.9 with 40% of the samples having an
SI[ 0, which means that they are in saturation and ara-
gonite is precipitated. Around 8.5% of the samples have
SI = 0 meaning that water is in equilibrium in these sam-
ples with respect to the aragonite.
Table 2 Average values of hydrochemical parameters from spring water of Natuf drainage basin
Spring ID Ca+2
(mg/l)
Mg+2
(mg/l)
Na+
(mg/l)
K+
(mg/l)
Cl–
(mg/l)
HCO3
–
(mg/l)
NO3
–
(mg/l)
SO4
–2
(mg/l)
EC
(lS/cm)
pH
(mg/l)
PCO2
(atm.)
BA/152 81.2 40.6 35.4 4.1 71.1 321.2 56.3 30 842 7.2 2.10E–02
BA/153 65.1 24.4 11.8 1.5 38.8 259.8 4.2 22.4 555.3 7.5 5.00E–03
BA/157 57.8 24.2 17.2 2 32.7 210.2 14.8 21 514.8 7.6 3.60E–03
BA/158 47.5 24.7 14 1.8 29.5 226.3 13.2 27 502.3 8 8.10E–04
BA/159 41.9 19.7 11.6 1.3 26.2 205.2 12.1 22.4 472 7.5 7.00E–03
BA/163 54.5 15.9 13.5 1.3 34.8 215.5 7 24 512.3 7.4 4.70E–02
BA/170 48.2 15.1 11.6 1 31.6 202.2 4.2 21.2 403 7.9 1.50E–03
BA/171 71 18.6 29 6.1 49.4 244.6 28.5 29.2 612.3 7.1 4.10E–02
NS/007 72.4 23.2 26.6 2.6 48.3 218.3 49.1 25.9 609.5 7.2 2.00E–02
NS/040 54.5 15.6 24.8 1.4 45.7 174.8 41.4 26.7 526.3 7.6 5.30E–03
NS/041 60.9 15.6 17.2 5.6 42 207.2 15.6 26 479 7.6 3.80E–03
NS/MUS 83.4 42.8 61.3 2.1 97.5 310.4 50.9 28 916.7 7.9 5.50E–04
SHW 58.9 16.4 16.7 2.04 39.1 206.6 19.9 17.3 453 8.1 5.60E–04
Table 3 Average values
of saturation indices for
Natuf drainage basin
Spring ID Anhydrite Aragonite Calcite Dolomite Gypsum
BA/152 –2.4 –0.2 0 0 –2.2
BA/157 –2.6 0 0.1 0.2 –2.4
BA/158 –2.5 0.4 0.5 1.1 –2.3
BA/159 –2.7 –0.2 –0.1 0 –2.5
BA/163 –2.5 –0.2 –0.1 0 –2.4
BA/170 –2.7 0.3 0.3 0.5 –2.4
BA/171 –2.4 –0.4 –0.3 –0.9 –2.2
BA153 –2.5 0.1 0.2 –0.2 –2.2
NS/007 –2.4 0 –0.7 –0.4 –2.2
NS/040 –2.4 0 0.1 0.1 –2.1
NS/041 –2.4 0 0.2 0.1 –2.2
NS/MUS –2.5 0.4 0.5 1.0 –2.2
SHW –2.8 0.3 0.4 0.5 –2.6
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Fifty-one percent of the samples have SI\ 0, which
means under saturation with respect to the aragonite. SI
for calcite ranges between –0.6 and 1.1. Fifty-seven
percent of the sample have SI[ 0, which means that
they are oversaturated for precipitation of calcite. Around
13% of the samples have SI = 0, which means equilib-
rium and 30% of the samples have SI\ 0 which means
that they are undersaturated with respect to calcite. For
dolomite, SI ranges between –2.2 and 1.9, and 51% of
the samples have SI[ 0, which means that they are
oversaturated and precipitation of dolomite occurs. About
11% of the samples have SI = 0, which means equilib-
rium conditions and 38% of the samples have SI\ 0,
which means that they are undersaturated with respect to
dolomite.
Statistical analysis
Correlation analysis was performed using SPSS version
11.5, between all parameters. Based on the correlation
coefﬁcient value (R), the interrelationships between hyd-
rochemical parameters can be classiﬁed from poor
(R\ 0.7) to very high signiﬁcance (R[ 0.9) (Abed
Rabbo et al. 1999). The results show that (EC) is highly
dependent on chloride, magnesium, nitrate, sodium,
bicarbonate concentrations, which means that ﬁeld mea-
surement of EC with a suitable instrument, can be used
for quick estimation of other related parameters. The
values of EC during the study period for water samples
from springs of Natuf drainage basin range between 403
and 917 lS/cm. The highest values of EC were recorded
in the dry season of 2003 in Ein Musbah (916.7 lS/cm),
which is in a densely populated area in the center of
Ramallah city and in Alalaq spring (842 lS/cm), which is
near an agricultural area. All other springs have values
range between 403 and 600 lS/cm, which is considered
as good water for agricultural purposes (Bauder et al.
2005).
Chloride and nitrate show the same trend of variation,
which supports the supposition that human activity con-
tributes to high pollution rates in this sensitive area
(Ghanem 1999).
The signiﬁcance of interrelationship between TDS and
other ions is an indication of salinity-controlling ions
(Abed Rabbo et al. 1999). TDS was high correlated with
EC (R = 0.86), good correlation with NO3– (R = 0.78), Cl–
(R = 0.76), Na+(R = 0.79), Mg+2 (R = 0.75) and accept-
able correlation with HCO3
– (R = 0.71) and Ca+2
(R = 0.70).
Trace elements are in very low concentrations and
below toxic limits in all samples. The highest value (27 lg/
l) of Pb+2 was recorded in Ein Ayoub in the dry season of
2004, and decreases to 16 lg/l in the wet season of 2005
because of dilution. The location of the outcrop is full of
old vehicle dumping sites where old galvanic batteries are
disposed. Zinc content shows variations between 1 lg/l at
Ein Arik El Tehta in wet season of 2005 and 142 lg/l at Al
Alaq in the dry season of 2004. Other springs contain
values of zinc within this range.
Biological results for faecal (FC) and total coliform
(TC)in the three target springs of Harrashah, Ein Musbah
and Al Alaq show that Ein Musbah and Al Alaq contain
colonies of FC and TC, which reveals contamination from
wastewater from sewerage system near Ein Musbah and
cesspits near Al Alaq. Harrashah spring also shows TC
colonies, which is probably related to sheep herds and
animal manure piles near the spring outlet.
Graphical representation of the hydrochemical data
The chemical composition of the springs in the study area
is affected by rainfall chemistry, climate, rock type, rock
division, human activities and residence time of water
(Cruz and Amaral 2004). The hydrochemical characteris-
tics of spring water based on the percentages of anions and
cations can be illustrated by Piper trilinear diagram (Fig. 4)
(Fetter 1994). Similar waters are clustered in clearly
deﬁned areas, indicating water-mixing phenomena, pre-
cipitation and dissolution (Helena 1998).
There is no obvious change in the chemical composition
of spring water at Harrashah, Akari, Ein Arik Al Fuqa,
Fig. 4 Piper diagram for hydrochemical parameters of Natuf springs
(2003–2005)
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Beitillu Al Balad, Alshakhariq and Al Quos springs. The
water type remains as normal earth alkaline before and
after recharge. The chemical composition also remains as
earth alkaline with prevailing bicarbonate and sulfate or
chloride for Al Alaq and Al Tina springs. Other springs
show different variations in chemical composition before
and after recharge. Ein Ayoub and Arik El Tehta show an
increase in alkali type with prevailing bicarbonate and
chloride after recharge, which indicates human contribu-
tion in pollution. Ein Musbah shows an increase in chloride
concentrations, which indicates leakage of waste water
from a nearby sewerage system.
Ion distribution and chemical composition
The total dissolved ions (TDI) for the major ions in the
springs (Table 1) of Natuf drainage basin was calculated as
152 meq/l, in the dry season of 2004 and 144 meq/l, in the
wet season of 2005, reveals for the dilution process. The
higher content of TDI during dry season conﬁrms the effect
of residence time on dissolution process of minerals from
rocks.
Water quality parameters and pollution rates are also
affected by dry and wet seasons as well as the effect caused
by the human activities and agricultural processes. As
indicated by Schoeller diagrams (Fig. 5), the concentra-
tions of major cations and anions recorded in dry seasons
are higher than those in the wet seasons, which can be
explained by the longer residence time of water and low-
ering of the water table in the dry season. In the wet
seasons, the dilution process due to the inﬁltrated rainfall is
the main cause of lowering the concentrations of major
cations and anions. Nitrate and chloride concentrations
increase in wet season more than dry seasons, which
indicates a washing process of pollutants by runoff over
agricultural and urban areas.
Water quality parameter
Salinity
Springs in Natuf drainage basin are used mainly for irri-
gation purposes where many market vegetables are
produced such as lettuce, cabbages, bell pepper, beans,
parsley and zucchini in addition to many other fruits such
as citrus. Many of these crops are sensitive to high water
salinity (Todd 1980). Ein Musbah spring in Ramallah city
is considered as high saline and cannot be used for unre-
stricted irrigation in crops sensitive to this parameter. Other
springs in the area are of medium salinity and can be used
for irrigation purposes in crops of suitable choice.
Total hardness (TH)
Hardness of water is deﬁned as the inhibition of soap action
in water because of the precipitation of magnesium and
calcium salts such as carbonates, sulfates and chlorides. It
can be temporary or permanent hardness. Temporary
hardness is mainly due to the presence of calcium car-
bonate and is removed by boiling water. Permanent
hardness is caused by the presence of calcium and mag-
nesium chlorides and sulfates and can be cured only with
ion exchange processes.
Hardness of water limits its use for industrial purposes;
it causes scaling of pots and boilers, closure to irrigation
pipes and may cause health problems to humans, such as
kidney failure.
TH is calculated as follows (Todd 1980):
TH (CaCO3) mg/l = 2.497 Ca
þ2+4.115 Mgþ2
The concentrations of Ca+2 and Mg+2 are expressed in
mg/l. As a water quality parameter, TH values can be used
to classify water for domestic and industrial uses.
Fig. 5 Schoeller diagrams for
some springs in Natuf Area
2003–2005
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In the study area, the lowest value of TH recorded was
74.8 mg/l for Wadi Natuf runoff on 6 February 2005, and
the highest value was 568.8 mg/l for Ein Musbah spring on
19 October 2004. Water types according to the average TH
in the study area range from soft to very hard water with
prevailing hard water in 80% of the samples.
Soluble sodium percentage (SSP)
Water quality for agricultural purposes in the Natuf
drainage basin shows variation between excellent to good
based on Todd’ classiﬁcation of soluble sodium percentage
(SSP) values, which is deﬁned as:
SSP ¼ Na
þ þ Kþð Þ
Naþ þ Kþ þ Caþ2 þMgþ2� �
 !
� 100;
where all concentrations are in meq/l. SSP values were
16.7 and 13.67 for dry 2004 and wet 2005 seasons,
respectively.
Sodium adsorption ratio (SAR)
Sodium adsorption ratio (SAR) is used as an index for
sodium hazard in water for irrigation purposes in accordance
with EC values. SAR is calculated according to the formula:
SAR ¼ Na
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Caþ2þMgþ2
2
q
where all concentrations are in meq/l.
Sodium hazard starts at values of SAR[ 1 and EC
values[650 uS/cm, respectively (Bauder et al. 2005). The
values of SAR are\1 and\650 uS/cm for EC in most the
springs, Ein Arik Al Tehta, Ein Ayoub and Ein Musbah
show values of SAR[ 1 and[650 uS/cm, which means
that water from these springs is not recommended for
unrestricted irrigation.
Based on EC and SAR ratio, water from Natuf springs
can be classiﬁed for irrigation purposes according to Wil-
cox diagram (Fig. 6; Abed Rabbo et al. 1999).
Microbiological analysis
Water is a good media for microorganism. Groundwater and
surface water may contain bacteria, viruses, fungus and
algae, which makes water objectionable for domestic pur-
poses and health threatening. In this study, water samples
from three springs near densely populated areas, were tested
for FC and TC. The results obtained from microbiological
analysis of Harrashah, Ein Musbah and Al- Alaq show that
Ein Musbah and Al Alaq contain uncountable colonies of
FC and TC, which indicates contamination from wastewater
Fig. 6 Classiﬁcation of Natuf
springs according to Wilcox
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from sewerage systems near Ein Musbah and cesspits near
Al-Alaq. Harrashah spring show uncountable TC, which is
referred to sheep herds and manure piles near the spring
outlet.
Conclusions
Springs in Natuf drainage basin emerge from perched
aquifers and are distributed over Yatta formation in the
upper aquifer. The springs are of good water quality,
except Ein Musbah, Al Alaq and Ein Ayoub springs which
are near populated areas. Samples from these three springs
have low water quality for agricultural and domestic uses
based on SAR, SSP and EC values. Faecal and Total
coliform are found in these springs. The recorded trace
elements levels are not harmful according to WHO water
quality guidelines.
The recharge areas for the springs in Natuf area are
mainly composed of limestone and dolomite. The dominant
water types in springs of Natuf drainage basin are earth
alkaline with prevailing bicarbonate. Some springs show
earth alkaline water type with a little increase in alkalis and
prevailing bicarbonate and sulfate or chloride. The change
of water types in some springs is related to mixing with
wastewater, rainfall and dissolution of minerals.
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district, Palestine
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1. Introduction
1.1. Global context
Irrigation consumes 50–70% of global water resources (Ahmad,
2000; WRI, 2000; Rosegrant and Cline, 2002; Molle, 2002).
Although this share is higher than 89% in the Middle East and
North Africa (MENA) region, irrigation water prices are only 10% of
domestic and industrial water prices (Abu-Madi et al., 2008a,b).
Many authors have examined the effectiveness of water pricing as
an instrument for improving water allocation and reducing water
consumption (Dinar and Subramanian, 1998; Maestu, 2001; Perry,
2001; Saleth, 2001; Bosworth et al., 2002; FAO, 2002; Johansson
et al., 2002; Easter and Liu, 2005; Gong et al., 2005; Hussain et al.,
2006; World Bank, 2006; Dudu and Chumi, 2008). The Fourth
Principle of the 1992 Dublin Statements deﬁnes water as an
economic good in order to achieve efﬁcient and equitable use, and
encourages conservation and protection of water resources. The
Fourth Dublin Principle denoted a landmark shift in emphasis to
the economic dimensions of water use in general, and irrigation
development in particular (WMO, 2007). By comparison, the ﬁrst
principle of the 1992 Rio Statements, which supplemented the
Fourth Dublin Principle, suggests implicitly that water is a social
good (Dinar and Saleth, 2005).
Many water experts recognize water pricing as a policy
intervention that can mitigate both quantity and quality dimen-
sions of water scarcity and thus enhance efﬁcient water use.
Pricing of water plays two main roles: (1) the ﬁnancial role, which
is a mechanism for recovering the investment and operation and
maintenance (O&M) costs, and (2) the economic role of signaling
the scarcity value and the opportunity cost of water, to guide
allocation decisions both within and across water subsectors. In
economic terms the full cost of water includes O&M costs, capital
costs, opportunity costs, and the costs of economic and environ-
mental externalities (Tsur and Dinar, 1997; Rogers et al., 2002). In
most cases, only supply costs are considered in water pricing
structures. However, the other cost components can be larger than
the supply cost (Rogers et al., 1998; Johansson et al., 2002).
Limiting water prices to reﬂect only supply costs is due partly to
the difﬁculty of measuring other cost components and partly due
to political considerations.
A study of theMula Canal in India found that farmers respond to
price-induced water scarcity, but water price policy and/or a
system of tradable water rights is not the most effective way to
increase irrigation efﬁciencies (Ray, 2002). A ﬁeld study in Nepal
regarding the possibility of introducing cost recovery irrigation
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charges concluded that farmers are in a position to pay the
operation andmaintenance costs, while charging capital costs was
found to be difﬁcult to justify (Maskey and Weber, 1998).
Dinar and Subramanian (1998) revealed that water prices across
countries are not related to relative water availability, suggesting
either that the current objective for charging is not to manage
scarcity, or that other factors are pertinent. Those countries with
greater scarcity are not necessarily more aggressive in reforming
their pricing schemes. Water pricing policies have failed to perform
well in many countries, due mostly to faulty approaches and
inappropriate institutions that have their roots in complicated
political and economic environments (Dinar andMody, 2004; Dinar
and Saleth, 2005). According to Cornish et al. (2004), the response in
demand to volumetric water pricing is widely shown to beminimal
as current prices are well below the range where water saving is a
signiﬁcant ﬁnancial consideration for the farmer. Volumetric prices
may need to be 10–20 times the price needed for full supply cost
recovery to affect demand. Thiswas conﬁrmed by a review of the 67
irrigation projects funded by the World Bank, which revealed that
water pricing mechanisms had not been planned as incentive tools
in any of the projects (Tiwari and Dinar, 2001).
The low or negligible elasticity of demand for irrigationwater is
a major obstacle to effective conservation pricing, especially at
current charges (Moore, 1989; Sampath, 1992; Rosegrant and
Cline, 2002). Bos andWolters (1990) found that in almost all of the
projects studied, a price that was less than 10% of net farm income
was too low to have signiﬁcant impact. Latinopoulos (2005) found
no relationship between prices and water use in a sample of 21
irrigation districts in Greece. A study of nine Spanish schemes
attributed differences in water use to other factors (e.g. soil, nature
and abundance of the source, history, etc.), and concluded that
inelastic demand reﬂected the relatively low share of water in
production costs and the lack of a substitute for water (Berbel and
Gomez-Limo´n, 2000). Some studies carried out in the United States
indicate a similar lack of demand responsiveness to water prices
(Hoyt, 1984; Moore et al., 1994).
1.2. Local context
Ensuring sufﬁcient water is one of the most fundamental
challenges to sustainable development, economic growth, and
political stability in the MENA region in general and in the
Occupied Palestinian Territories (OPT) in particular.Water security
is especially critical to the viability of the anticipated Palestinian
State where the long-term challenge for water resource managers
is to sustainably increase water supply while managing water
demands. Water management decisions have strong links to the
agricultural sector, which consumes 65–70% of the water supply in
the OPT (RAND, 2007).
The political conﬂict between Palestinians and Israelis exacer-
bates the water and agricultural problems. Palestinians do not
have full control over their groundwater resources, as these are
sharedwith Israelis. Groundwater aquifers are themajor sources of
water for Palestinians and Israeli settlements in the West Bank.
Groundwater is pumped from deep aquifers through agricultural
and domestic wells that were constructed during the Jordanian
mandate (before 1967). Israel imposes restrictions on construction
of newwells by Palestinians and limits the annual abstraction rates
from existing wells. Most of the wells are owned by individual
farmers or farmers’ cooperatives and are intended for agricultural
irrigation. The owners of wells use part of the produced water for
irrigation of their own lands and sell excess water to neighboring
farmers. Many owners of wells have begun supplying drinking
water to towns and villages from their agricultural wells because it
is more proﬁtable than selling irrigation water to farmers in
difﬁcult economic conditions.
Irrigation water prices are determined by owners of wells,
based on their recurring costs and their understanding of the
hardships facing Palestinian farmers, with limited interference
from the Palestinian government. The irrigation water prices are
much lower than those for domestic and industrial uses.
Palestinian water experts often argue that such low water prices
encourage farmers to use excessive water for irrigation (Abdo,
2008; Abu-Madi et al., 2008a,b).
A current policy question is what role irrigation water pricing
might have in water demand management in the OPT. Most
Palestinian water (about 70%) is consumed by agriculture, which is
the least economic productive sector; its contribution to local GNP
is between 6% and 7% (PCBS, 2007; RAND, 2007). Agriculture is the
major source of income to about 6.1% of the Palestinian population;
most of them are poor and lack opportunities for other sources of
income. About 25% of the Palestinians depend on agriculture as a
main source of household income and about 70% of them are poor
(PCBS, 2007). However, poverty problems cannot be solved only by
improving access to water (Hussain, 2007). Improved access must
be accompanied by a proper water price strategy and a sound crop
marketing system. This research provides information regarding
the potential reform of irrigation water prices in the OPT by
examining farm-level perspectives regarding irrigation water
prices in the Tulkarm district as a case study.
2. Materials and methods
2.1. Study area
The Tulkarm district is 1 of 11 main Palestinian districts and is
located in the northwestern part of the West Bank (Fig. 1). The
district lies between 40 and 500 m above mean sea level. Based on
records of the Palestinian Central Bureau of Statistics (PCBS, 2007),
about 175,320 residents live in 42 communities. The Tulkarm
district has a moderate climate characterized by a rainy winter
(October–May) and dry summer (June–September). Average
annual precipitation varies between 530 and 630 mm, which is
the main water source for the western groundwater aquifer (PWA,
2005; MOA, 2007).
According to PCBS (2005), about 182,000 hectares (ha) of
farmland are cultivated in the OPT, of which 91% are in the West
Bank and 9% are in the Gaza Strip. Fruit trees constitute 63% of the
cultivated area, while vegetables and ﬁeld crops comprise 10% and
27% of the cultivated areas, respectively. About 69% of the
cultivated area in the Gaza Strip relies on irrigation, compared
with about 8% for theWest Bank. The Tulkarm district covers about
246 km2 or 4.35% of the total West Bank area (PCBS, 2005). The
cultivated land is about 38% of the total area of the district. Rainfed
farming constitutes 92% of the cultivated area in the district,
whereas irrigated farming constitutes 8%. Much of the land (53.4%)
is unused or partly used as pasture. The land use patterns in this
district are inﬂuenced by topography, climate, and the political
conﬂict over land andwater resources. Most of the irrigated land is
used for vegetables (e.g. cucumbers and tomatoes) under green-
house agriculture and fruit trees (e.g. olives and citrus).
The Tulkarm district, as elsewhere in Palestine, suffers from
water shortages. The average water consumption for municipal
purposes ranges between 50 and 70 l per capita per day (l/c/d)
(PWA, 2005). Most residents depend on groundwater wells for
domestic water supply. Twelve of the 42 communities in the
Tulkarm district do not have a domestic water supply network.
Agricultural activities in the district consume about 65% of the
water supply (Table 1). Most water consumed in the district is
pumped from thewestern aquifer, which is the largest formation of
the mountain aquifer system in the West Bank. Of the 287
Palestinian groundwater wells in the West Bank, 63 wells are
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located in the Tulkarm district. Eleven of these wells are restricted
for municipal water supply, and 52 wells are used primarily for
agricultural water supply (PWA, 2005). The total volume of
groundwater pumped from the 63 wells in the district is about
12.3 million m3 per year (Table 1) (PCBS, 2005).
The Palestinian Water Authority (PWA) is responsible for
water sector management, supervision, and improving the water
situation in the OPT. There is discrepancy in the water price
system in the West Bank and Gaza Strip even within each of the
districts, due to social, physical, institutional, and political
sensitivity. Current irrigation water prices in the Tulkarm range
between $0.25 and $0.37 per cubic meter (US$/m3), and are
based on the O&M costs of abstracting groundwater (MOA,
2006). The water prices are inﬂuenced by the variety of energy
sources used in abstracting and pumping water, performance of
the distribution network, and differences in pumping cost
efﬁciency (Table 2).
2.2. Methods and analysis
We organized a national workshop in 2006 to discuss irrigation
water pricing. We invited farmers, owners of wells, and
stakeholders from the policy-making. During that workshop, we
drafted the main questions and key sections of the questionnaire
that was used in this research.We ﬁnalized the questionnaire after
testing it on 20 irrigated farms in the Tulkarm district.
We employed a specialized survey team to interview the
farmers. The sample size selected for the surveywas limited to 157
farms (about 10% of all farms in the district) due to time and budget
constraints. The sample was distributed randomly among irrigated
farms to cover the major agricultural villages in the district: Attil,
Deir Al-Ghosoun, Zeita, Allar, Saida, Baqa Sharqeyah, Qaﬁn, Nazlah
Sharqyeh, and Nazlah Wustah.
The survey team interviewed 157 farmers in the Tulkarm
district during the last quarter of 2006. During data analysis, we
Fig. 1. Location of the Tulkarm district.
Table 1
Number of water wells and annual pumping volumes in the Tulkarm district.
Region Use No. of wells Annual Pumping (1000 m3/year)
West Bank Domestic 39 24,911
Agricultural 248 30,074
Tulkarm Domestic 11 4,356
Agricultural 52 8,037
Source: Palestinian Central Bureau of Statistics (2005).
Table 2
Average irrigation water prices ($/m3) in the
Palestinian Territories, 2006.
Jordan Valley 0.03–0.19
Jenin 0.15–0.21
Tulkarm 0.25–0.34
Gaza Strip 0.12–0.14
Source: Ministry of Agriculture (2006), personal
communication.
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reduced this number to 147 after reviewing and cross-checking the
completed questionnaires. Ten questionnaires were eliminated
due to illogical or incomplete answers.
We used the Statistical Package for Social Sciences (SPSS) to
analyze the data in an attempt to build statistical models that link
decisions regarding agricultural water consumption with expla-
natory variables.
3. Results and discussion
3.1. Labor force and agriculture
Most of the surveyed farmers were younger than age 60, while
10 were older (Table 3). Only one of the interviewed farmers was a
female, as male farmers dominate Palestinian rural society and
thus are responsible for farm management. However, farmers’
wives and children accomplish most of the farming work. Farmers
rely on internal (unpaid) labor, such that 82% and 11.6% of the
farmers have 1–3 and 4–8 persons from their families working in
the farm, respectively. The results also show that 68% of the
framers have at least one child below age 11 and one child between
age 11 and age 18 working in the farm.
Palestinian farmers’ society is characterized by large family
size. In the study area, 31% of farmers have families of 4–6 persons,
while 49% have 7–10 persons, and 19% have more than 10 persons
(Table 3). This might be attributed to low living expenses in the
rural areas and most importantly, the need for family labor to help
in the farming business. Nevertheless, 20% of the farmers rely fully
on unpaid laborwhile 52% hire 1–3 external persons (paid labor). A
few farmers hire between 4 and 7 persons. About 84% of the
farmers have completed elementary and secondary school, while
6.8% have a Diploma and Bachelors degrees.
Most Palestinian farms are small. The land area of the surveyed
farms ranges between 0.2 and 11.0 ha (Table 4). Themajor crops in
our sample are vegetables – primarily cucumbers, tomatoes,
eggplants, cauliﬂower, potatoes, beans, and others – and fruits –
primarily citrus and others. Ownership varies between self owned,
leased, and shared. About 39% of the farms are owned by the
farmers, 39% are leased, and 12% are shared. Sharing involves
compensation in the form of a percentage (30–50%) of net farm
output.
Most Palestinian farmers are located in rural areas and earn low
to middle income. In the study area, the family income of 26.5% of
surveyed farmers is less than $250 per month (Table 3). Most
(63.5%) have a family income of $250–500 per month. Only 9.5% of
framers report family income greater than $500 per month. For
81% of the respondents, agriculture contributes more than 75% to
family income (Table 3).
3.2. Agricultural water consumption
Groundwater is the only accessible water source for farmers in
the study area. They also rely partly on rainwater harvesting during
winter. The surveyed farmers indicated that private persons own
89% of the wells, 10.2% are owned by farmers’ cooperatives, and
only one well is owned by a local council (municipality) (Table 3).
The mean agricultural water consumption in the study area varies
between 1200 and 36,000 m3/ha with an average of 12,608 m3/ha
(Table 4). Agricultural water consumption varies between farms
depending on: (i) water availability, (ii) water price, (iii) land area,
(iv) types of irrigated crops, (v) farmer experience, (vi) method of
measuring water consumption, (vii) technical performance of the
irrigation system, and (viii) type of irrigation system.
We used themultiple regression component of SPSS to generate
a mathematical model that explains agricultural water consump-
tion as a function of several explanatory variables. The regression
analysis results in Table 5 show the most statistically signiﬁcant
variables that determine agricultural water consumption in the
Tulkarm district. The linear Eq. (1) is the best ﬁt generated by the
regression model. We did not observe signiﬁcant correlations
between agricultural water consumption and farmer’s age or level
of education, or the type of irrigation system or cultivated crops.
Therefore, these variables were excluded from the ﬁnal regression
model:
q = farm water consumption (m3/ha);
X1 = water price ($/m3);
X2 = irrigated land area (ha);
X3 = annual income of farm ($/ha);
X4 = frequency of irrigation (times/week).
q ¼ 6294:3� 5703:8X1 � 486:2X2 þ 0:302X3 þ 1021:39X4 (1)
The estimated regression coefﬁcients are shown in column B of
Table 5. The two-tailed signiﬁcance levels for water price, annual
farm income, and frequency of irrigation are less than 0.05, while
the signiﬁcance level for area of irrigated land is about 0.08.
Negative signs indicate that agricultural water consumption
decreases with the increase in values of these variables, and vice
versa. The F value and the R2 value suggest that the model ﬁts the
data reasonably well. An estimated 57.7% of the observed variation
in agricultural water consumption is explained by the independent
variables in Eq. (1).
The regression results suggest that irrigation water prices and
the size of irrigated lands are inversely correlatedwith agricultural
water consumption in the Tulkarm district. Irrigation frequency
and farm annual income are positively correlated with agricultural
water consumption. Small-scale farmers tend to consume more
irrigation water than others and thus they are more economically
sensitive to increases in water prices.
Farmers determine irrigation requirements based on their
experience, with minimum input from governmental and non-
governmental organizations in the area. Water meters are used to
measure irrigation water on 21% of the surveyed farms (Table 6).
Table 3
Summary statistics pertaining to a survey of 147 farmers in the
Tulkarm district, 2006.
Number Proportion (%)
Age group (years)
20–40 83 56.5
40–60 49 33.3
Above 60 15 10.2
Family size (persons per family)
1–3 1 0.7
4–6 46 31.3
7–10 72 49.0
More than 10 28 19.0
Average monthly income ($)
Less than 250 39 26.5
250–500 94 63.9
500–750 11 7.5
More than 750 3 2.0
Contribution of agriculture to total family income
More than 75% 119 81.0
50–75% 21 14.3
20–50% 5 3.4
Less than 20% 2 1.4
Ownership of the wells
Privately owned 131 89.1
Water association 15 10.2
Local council 1 0.7
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reduced this number to 147 after reviewing and cross-checking the
completed questionnaires. Ten questionnaires were eliminated
due to illogical or incomplete answers.
We used the Statistical Package for Social Sciences (SPSS) to
analyze the data in an attempt to build statistical models that link
decisions regarding agricultural water consumption with expla-
natory variables.
3. Results and discussion
3.1. Labor force and agriculture
Most of the surveyed farmers were younger than age 60, while
10 were older (Table 3). Only one of the interviewed farmers was a
female, as male farmers dominate Palestinian rural society and
thus are responsible for farm management. However, farmers’
wives and children accomplish most of the farming work. Farmers
rely on internal (unpaid) labor, such that 82% and 11.6% of the
farmers have 1–3 and 4–8 persons from their families working in
the farm, respectively. The results also show that 68% of the
framers have at least one child below age 11 and one child between
age 11 and age 18 working in the farm.
Palestinian farmers’ society is characterized by large family
size. In the study area, 31% of farmers have families of 4–6 persons,
while 49% have 7–10 persons, and 19% have more than 10 persons
(Table 3). This might be attributed to low living expenses in the
rural areas and most importantly, the need for family labor to help
in the farming business. Nevertheless, 20% of the farmers rely fully
on unpaid laborwhile 52% hire 1–3 external persons (paid labor). A
few farmers hire between 4 and 7 persons. About 84% of the
farmers have completed elementary and secondary school, while
6.8% have a Diploma and Bachelors degrees.
Most Palestinian farms are small. The land area of the surveyed
farms ranges between 0.2 and 11.0 ha (Table 4). Themajor crops in
our sample are vegetables – primarily cucumbers, tomatoes,
eggplants, cauliﬂower, potatoes, beans, and others – and fruits –
primarily citrus and others. Ownership varies between self owned,
leased, and shared. About 39% of the farms are owned by the
farmers, 39% are leased, and 12% are shared. Sharing involves
compensation in the form of a percentage (30–50%) of net farm
output.
Most Palestinian farmers are located in rural areas and earn low
to middle income. In the study area, the family income of 26.5% of
surveyed farmers is less than $250 per month (Table 3). Most
(63.5%) have a family income of $250–500 per month. Only 9.5% of
framers report family income greater than $500 per month. For
81% of the respondents, agriculture contributes more than 75% to
family income (Table 3).
3.2. Agricultural water consumption
Groundwater is the only accessible water source for farmers in
the study area. They also rely partly on rainwater harvesting during
winter. The surveyed farmers indicated that private persons own
89% of the wells, 10.2% are owned by farmers’ cooperatives, and
only one well is owned by a local council (municipality) (Table 3).
The mean agricultural water consumption in the study area varies
between 1200 and 36,000 m3/ha with an average of 12,608 m3/ha
(Table 4). Agricultural water consumption varies between farms
depending on: (i) water availability, (ii) water price, (iii) land area,
(iv) types of irrigated crops, (v) farmer experience, (vi) method of
measuring water consumption, (vii) technical performance of the
irrigation system, and (viii) type of irrigation system.
We used themultiple regression component of SPSS to generate
a mathematical model that explains agricultural water consump-
tion as a function of several explanatory variables. The regression
analysis results in Table 5 show the most statistically signiﬁcant
variables that determine agricultural water consumption in the
Tulkarm district. The linear Eq. (1) is the best ﬁt generated by the
regression model. We did not observe signiﬁcant correlations
between agricultural water consumption and farmer’s age or level
of education, or the type of irrigation system or cultivated crops.
Therefore, these variables were excluded from the ﬁnal regression
model:
q = farm water consumption (m3/ha);
X1 = water price ($/m3);
X2 = irrigated land area (ha);
X3 = annual income of farm ($/ha);
X4 = frequency of irrigation (times/week).
q ¼ 6294:3� 5703:8X1 � 486:2X2 þ 0:302X3 þ 1021:39X4 (1)
The estimated regression coefﬁcients are shown in column B of
Table 5. The two-tailed signiﬁcance levels for water price, annual
farm income, and frequency of irrigation are less than 0.05, while
the signiﬁcance level for area of irrigated land is about 0.08.
Negative signs indicate that agricultural water consumption
decreases with the increase in values of these variables, and vice
versa. The F value and the R2 value suggest that the model ﬁts the
data reasonably well. An estimated 57.7% of the observed variation
in agricultural water consumption is explained by the independent
variables in Eq. (1).
The regression results suggest that irrigation water prices and
the size of irrigated lands are inversely correlatedwith agricultural
water consumption in the Tulkarm district. Irrigation frequency
and farm annual income are positively correlated with agricultural
water consumption. Small-scale farmers tend to consume more
irrigation water than others and thus they are more economically
sensitive to increases in water prices.
Farmers determine irrigation requirements based on their
experience, with minimum input from governmental and non-
governmental organizations in the area. Water meters are used to
measure irrigation water on 21% of the surveyed farms (Table 6).
Table 3
Summary statistics pertaining to a survey of 147 farmers in the
Tulkarm district, 2006.
Number Proportion (%)
Age group (years)
20–40 83 56.5
40–60 49 33.3
Above 60 15 10.2
Family size (persons per family)
1–3 1 0.7
4–6 46 31.3
7–10 72 49.0
More than 10 28 19.0
Average monthly income ($)
Less than 250 39 26.5
250–500 94 63.9
500–750 11 7.5
More than 750 3 2.0
Contribution of agriculture to total family income
More than 75% 119 81.0
50–75% 21 14.3
20–50% 5 3.4
Less than 20% 2 1.4
Ownership of the wells
Privately owned 131 89.1
Water association 15 10.2
Local council 1 0.7
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The water meters are read and maintained by operational staff of
the groundwater wells. In most cases (79% of the surveyed
framers), irrigation water is measured by supply hours (60–
110 m3/h). This system is common in the district, as the wells’
owners tend to reduce their operational costs associated with
water meter installation, repair, and reading. Moreover, this
system requires that the farmers pay for the unaccounted water
that is lost through leakage or illegal connections.
3.3. Water prices and agricultural proﬁtability
Farmers do not play a direct role in determining irrigationwater
prices. Rather, the wells’ owners (private and cooperatives)
determine prices that will recover their operational costs and
generate a limited proﬁt margin. Operational costs depend largely
on the energy (electricity and diesel) prices that ﬂuctuate with
changes in the global oil market. However, the process of
determining irrigation water prices in the district does not fully
respond to changing operational costs of the wells. The competi-
tion amongwell owners often leads to a close range ofwater prices.
This functions as an incentive to well owners and managers to
increase proﬁtability by improving technical performance and
reducing the pumping costs.
The annual farming costs in the Tulkarm district range between
$475 and $48,250/ha with an average of $14,060/ha (Table 4). The
large range in costs per hectare is attributed to the different
farming inputs that are based on crops and local conditions, the
different amounts of water consumed, different land sizes, and
different water prices. The survey results reveal that the actual
water prices range between $0.025 and $1.56/m3 with an average
price of $0.33/m3. The large range in water prices can be explained
by several observations: (i) some of the well owners assign very
low prices when irrigating their own farms, and (ii) some farmers
pay additional pumping costs when they store water in reservoirs
for later use. However, themean value of survey results ($0.33/m3)
is within the range reported by the Ministry of Agriculture
(Table 2).
The annual expenditure on irrigation water represents from
2.1% to 65.8% of the total farming cost, with an average of 32.2%.
The large range is a natural consequence of the large range of water
prices and consumed water quantities. About 90% of the surveyed
farmers responded that their annual expenditure on water
represents 25–50% of their total farming costs (Table 7). Comparing
farmers’ responses to the calculations shows that farmers’
expenditures on irrigationwater dominate their farming expenses.
Thus, the farmers are currently burdened with high expenses and
low farming proﬁtability, which must be considered when
developing new policies that might modify the price of irrigation
water.
Farmers’ proﬁtability – excluding unpaid labor – can range from
$138 to $4460 per person per year with an average of $773 per
person per year. Including the economic value of the unpaid labor
will make farming unfeasible. However, farmers do not include the
value of unpaid labor when assessing the economic feasibility of
their farming business. Thismay be attributed to the socio-cultural
value of farming, which outweighs the opportunity cost of family
labor, particularly when farmers’ wives and children have limited
chances of obtaining non-farm jobs.
The results also show that the farmers’ income from agriculture
ranges between $0.38 and $12.20 per person per day, with an
Table 4
Agricultural data and water costs of surveyed farms in the Tulkarm district, 2006.
Number Min. Max. Mean S.D.
Irrigated land area (ha) 135 0.17 11.00 1.19 1.2546
Annual farm water consumption (m3) 130 2000 70,000 11,977 10,366
Water consumption (m3/ha) 125 1200 36,000 12,608 5,558
Annual water cost ($/year) 140 120 21,875 3,717 3,159
Annual cost of the farm ($/ha/year) 134 475 48,250 14,060 9,021
Water price ($/m3) 130 0.025 1.56 0.33 0.14
Water price ($/ha) 135 138.9 12,000 3,992 2,112
Annual cost of the farm ($/year) 138 950 71,650 12,789 10,026
Annual income of the farm ($/year) 129 1750 277,500 19,643 26,222
Water share to total farm costs (%) 138 2.14 65.79 32.2 12.10
Annual income of the farm ($/ha) 125 1225 67,000 19,997 12,212
Annual proﬁt of the farm ($/ha) 124 750 28,411 5,901 4,823
Annual proﬁt of the farm ($/person/year) 124 138.9 4,460 773 650
Farming proﬁt per person per day ($) 124 0.38 12.20 2.10 1.78
Table 5
Regression model of the relationship between agricultural water consumption and major explanatory variablesa.
Explanatory variables B SE. B Beta t Sig.
(Constant) 6294.3 1670.7 3.767 0.000
X1 Water price ($/m3) �5703.8 2255.9 �0.159 �2.528 0.013
X2 Irrigated land area (ha) �486.2 278.3 �0.118 �1.747 0.083
X3 Annual income ($/ha) 0.302 0.030 0.691 10.184 0.000
X4 Frequency of irrigation 1021.39 453.4 0.140 2.253 0.026
aDependent variable (q): agricultural water consumption (m3/ha). N = 115; F = 37.857; Sig. = 0.000; R = 0.760; R2 = 0.577; adjusted R2 = 0.562; Standard Error of the
Estimate = 3579.3.
Table 6
Irrigation frequency and water measurement in the Tulkarm district, 2006
(N = 147).
Number Proportion (%)
Irrigation frequency
Once per week 3 2.0
Twice per week 57 38.8
Three times per week 74 50.3
More than three times per week 7 4.8
No schedule 6 4.1
Irrigation water measurement
Water meter 31 21.1
Pumping hours estimated 116 78.9
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average of $2.10 per person per day. Thus many farmers in the
Tulkarm district operate below the poverty line of $2.00 per person
per day (World Bank, 2003).
The Palestinian Territories have considered increasing irriga-
tion water prices as an efﬁcient water demand management tool.
Although current irrigation water prices are much lower than
domestic water prices, almost all surveyed farmers consider the
current irrigation water prices to be high (Table 7) and they show
limited willingness to pay (WTP) for higher water prices. About
92% of the farmers are willing to pay a maximum price of $0.125/
m3 (Table 7), although they already pay higher prices. The results
of our study reveal that if water prices were increased, 41% of the
farmerswould continue farming, 34%would reduce their land area,
and 11% of the farmers – normally the poorest farmerswith limited
farm sizes – would stop farming and search for another source of
income (Table 8).
4. Conclusions
Most of the farmers in the Tulkarmdistrict of Palestine are poor,
and they rely on agriculture for their subsistence. Agriculture
represents themajor source of income formost of the farmers, who
depend on unpaid labor from their wives and children to reduce
the high farming expenses. Although current irrigation water
prices aremuch lower than domestic prices, most farmers consider
the irrigation water prices to be quite high. Annual expenditures
for water are large portions of the total annual farming costs, even
without considering the economic value of unpaid labor. The
farmers’ net revenue – excluding unpaid labor – ranges from $138
to $4,460 per person per year.
Despite a low willingness to pay for increased water prices,
many farmers would continue farming even with increased water
prices and reduced proﬁtability. Hence, attempts to raise irrigation
water prices in the Tulkarm district will jeopardize farming
feasibility and even sustainability of the farming system, especially
for those farmers operating below the poverty line of $2.00 per
person per day.
Palestinian policymakers should consider empowering farmers
by providing appropriate marketing strategies for agricultural
crops. This might include programs to stimulate exports to
neighboring countries. The Palestinian Authority needs to consider
providing subsidies on farming expenses such as machinery and
equipment, seeds and nursery materials, and other inputs.
Moreover, the agricultural sector needs substantial restructuring
and organization to optimize agricultural production in accor-
dance with needs of the local market. This will improve the
economic feasibility of farming and encourage wiser use of
irrigation water.
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Abstract
The interaction between digestion conditions and the sludge physical characteristics and behaviour was investigated for anaerobically digested
primary sludge in completely stirred tank reactors (CSTRs). The CSTRs were operated to maintain sludge retention times (SRTs) of 10, 15, 20 and
30 days and temperatures of 25 and 35 ◦C. The change of the oc size as a result of digestion was examined using wet sieve analysis (0.100, 0.125,
0.200, 0.500 and 1.000mm). The results reveal a substantial reduction in all oc sizes with improving digestion conditions. Digestion leads to the
transfer of bigger ocs into smaller ones, which has a remarkable effect on the sludge physical behaviour. The majority of the raw and digested ocs
are smaller than 0.100mm. The dewatering results showed the existence of an optimal SRT for dewaterability at 20 and 15 days for the reactors
operated at 25 and 35 ◦C, respectively. The dewaterability of sludge digested at less favourable conditions, viz. 10 days at 25 ◦C deteriorates due to
increase of small ocs generated from destruction of larger ocs. The digested sludge settling results showed a slight worsening but insignicant
trend with increasing the SRT.
© 2005 Elsevier B.V. All rights reserved.
Keywords: Anaerobic processes; Dewaterability; Floc size distribution; Mixing; Optimisation; Waste treatment
1. Introduction
The operational conditions of anaerobic digesters are
expected to largely inuence the physical–chemical character-
istics and consequently the physical behaviour of the sludge
through inuencing the organic matter degradation and biomass
growth. However, the relation between the digestion conditions,
i.e. temperature and sludge retention time (SRT), and sludge
characteristics, e.g. oc size distribution (FSD) and behaviour,
e.g. dewaterability and settleability, has been scarcely reported
in literature [1].
Anaerobic digestion changes the sludge oc size distribution,
which is inuenced by the operating conditions. Lawler et al. [2]
showed that FSD highly inuences the sludge dewaterability,
e.g. dewaterability worsens with decreasing oc size which took
place in high loaded reactors. Nevertheless, no signicant data
∗ Corresponding author. Present address: Water Studies Institute, Birzeit Uni-
versity, P.O. Box 14, Birzeit, The West Bank, Palestine. Tel.: +970 2 2982120;
fax: +970 2 2982120.
E-mail address: nmahmoud@birzeit.edu (N. Mahmoud).
have so far been available on the sludge dewatering behaviour
once the reactor is operated at low loading rate, viz. long SRT.
The sludge loading rate and substrate composition are likely
to inuence oc charge and the quantity and composition of the
extracellular polymeric substances (EPS) content [3–5], which
in turn affect the sludge dewaterability [6], and settleability [7].
When the substrates are utilised or the organic loading rate is
low, the bacteria metabolise the EPS for energy and/or carbon
[5]. The EPS degradation under anaerobic conditions forming
CO2 and CH4 was also reported [8].
EPS are thought to inuence the dewatering characteristics
of sludge by forming a charged surface layer on sludge ocs
[9]. The interactions of these polymers between cells allow
adjacent bacteria to aggregate by bridging cell surfaces elec-
trostatically and physically and therefore, initiate oc formation
which allows the sludge settlement [10,11].
The objective of this research was to investigate the relation
between digestion conditions, viz. temperature and SRT, and
sludge physical characteristics, viz. FSD, and sludge physical
behaviour, viz. dewaterability and settleability for anaerobically
digested primary sludge in completely stirred tank reactors
1369-703X/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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(CSTRs) operated at 25 and 35 ◦C. The temperature of 25 ◦C
is the average sewage temperature in Palestine/the Middle East
during summer time so the CSTRs can be operated during
summer time without any external heating/or with minimal
heating and 35 ◦C is the optimum temperature under mesophilic
conditions.
2. Materials and methods
2.1. Continuous experiments
Two sets of eight CSTRs, with a 15-l working volume, were
operated in order to maintain SRTs of 10, 15, 20 and 30 days
at process temperatures of 25 and 35± 1 ◦C. The temperatures
were controlled by re-circulatingwater of pre-controlled temper-
ature through the reactors double walls. The reactors were inoc-
ulated with primary sludge digested at 34 ◦C and 20 days from
the wastewater treatment plant (WWTP) of Ede, The Nether-
lands. The feeding stock primary sludge was collected once
from the aforementioned WWTP and stored at 4 ◦C. Around
20 l of the stock was diluted weekly to 20 g TS/l and stored at
4 ◦C from which the reactors were fed once daily. The reactors
were intermittently mixed at 30 rpm for 10 s/min. Biogas was
continuously collected in 10 or 5 l gas bags and was measured
daily. The pH was measured daily and the VFAs were measured
at least once every two weeks and digesters temperatures were
checked from time to time. After a period of at least three SRTs
of continuous operation, the monitoring parameters were stable
and the reactors were considered to be at steady-state conditions.
Afterwards, within three weeks, four samples in duplicate were
analysed for total solids (TS) and volatile solids (VS), volatile
fatty acids (VFA), capillary suction time (CST), oc size distri-
bution, sludge volume index (SVI) and sludge settling inside the
reactor was measured once at the end of the CSTRs operational
periods. The quantity of methane produced was measured daily.
2.2. Analytical methods
TS and VS of sludge were determined according to standard
methods [12]. The VFA were measured as previously described
by Mahmoud et al. [13]. Sludge volume index was measured
according to the Dutch Standard Normalized Methods [14].
Dewaterability of the sludge was detected by the capillary suc-
tion time (s) and expressed as lterability constant, which is
calculated based on the CST [15]. The dimensionless constant,
φ, of the CST apparatus is 0.794.
2.3. Determination of FSD by sieving
1. A 250ml sludge sample was collected and diluted 20 times
with centrifuged (15min at 1000 rpm) and ltered (4.4�m
paper lter) efuent of a two-step anaerobic system treating
domestic sewage [16].
2. The diluted slurry was poured through each sieve (1.000,
0.500, 0.200, 0.125 and 0.100mm) starting with the largest
size.
3. The sieve was soaked in the ltrate for 40 times, in a system-
atic downward–upward slow motion.
4. The retained solidswere conveyed from the sieve to porcelain
crucibles. The conveyance process was carried out using a
gentle jet of tap water to collect all scattered ocs over the
sieve surface to one edge of the sieve. Then a jet of demi-
water was used to push the collected ocs into the porcelain
crucibles with the help of a small spoon.
5. The collected solids were examined for total solids and
volatile solids.
The reproducibility of the method was validated by test-
ing several anaerobic primary digested sludge samples, brought
from theWWTPof Ede, which showed that the results are repro-
ducible.
2.4. Settleability of sludge
The sludge settleability was measured by two ways, by mea-
suring: (1) SVI parameter and (2) the sludge settling in the
CSTRs. The latter measurement was carried out according to
the following procedure:
1. Mixing inside the CSTR was stopped.
2. The height of the developed ‘clear’ supernatant was followed
with time by measuring the distance between the top of the
water phase and the top of the sludge phase.
2.5. Statistical data analysis
Statistical comparison of means was followed by “paired
samples t-test” for the measured parameters of the two reactors
using the SPSS program for windows—release 11.0.0, SPSS®
Inc. (2001), with p-value < 0.05 considered signicantly
different.
3. Results and discussion
3.1. Flocs size distribution
The results presented in Table 1 reveal a substantial reduc-
tion in all ocs (on mass basis) within the set size intervals
(0.1–1.0mm) due to digestion. The mass of the ocs of the
digested sludge was always lower than that of the ocs of identi-
cal size of the raw sludge. Nevertheless, the results of the FSD of
the sludge digested at 10 days and 25 ◦Cclearly show the transfer
of larger ocs into smaller ocs as is clear from ocs accumula-
tion in the size range smaller than 0.10mm. The conversion of
larger into smallerocs is also clear as themass of theocs in the
range 0.10mm≤ diameter < 0.125mm, of the sludge digested
at sub-optimal conditions (SRT: 10 days, 25 ◦C), is less than
those digested at more optimal temperature conditions (35 ◦C).
Moreover, the results clarify that the main achievement in large
ocs (diameter≥ 0.1) reduction could be attained by digestion
at even sub-optimal conditions (SRT: 10 days, 25 ◦C), while the
main reduction of small ocs (diameter < 0.1) could be achieved
at improving the digestion conditions to (SRT: 10 days, 35 ◦C).
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Table 1
Floc size distribution (FSD) and percentage ocs reduction (R%) of raw and anaerobic digested primary sludge in CSTRs operated at different conditions (SRT and
temperature)
Size (mm) Sludge type
Raw 10, 25 10, 35 15, 35 20, 35 30, 35
1.000≤ diameter 426 (17.0) 169 (14.8) 141 (15.3) 144 (6.9) 140 (23.2) 94 (7.1)
0.500≤ diameter < 1.000 418 (17.4) 166 (23.5) 137 (4.6) 129 (5.1) 106 (7.8) 93 (8.1)
0.200≤ diameter < 0.500 404 (5.2) 204 (5.2) 203 (5.0) 183 (4.7) 164 (3.4) 156 (2.5)
0.125≤ diameter < 0.200 143 (8.3) 106 (7.2) 104 (4.7) 103 (1.6) 89 (2.5) 88 (1.8)
0.100≤ diameter < 0.125 98 (4.1) 53 (4.8) 70 (2.7) 64 (5.2) 61 (3.0) 65 (1.4)
Sum diameter≥ 0.100 1489 (35) 698 (1.2) 655 (7) 623 (10) 560 (9) 496 (0.35)
R% diameter≥ 0.100 0 53 56 58 62 67
Diameter < 0.100 2191 (36) 2503 (0.5) 1737 (7.2) 1628 (13.43) 1562 (23.76) 1451 (1.06)
R% diameter < 0.100 0 −14 21 26 29 34
For all sludges, sample size of 250ml was used. The FSD is expressed as sludge mass (VS, mg) accumulated over sieves of different mesh sizes. Standard deviations
are presented between brackets.
Table 2
VS/TS ratio of raw and digested primary sludge accumulated over sieves of different mesh sizes
Size (mm) Sludge type
Raw 10, 25 10, 35 15, 35 20, 35 30, 35
1.000≤ diameter 0.92 (0.003) 0.91 (0.007) 0.90 (0.037) 0.89 (0.009) 0.91 (0.025) 0.89 (0.012)
0.500≤ diameter < 1.000 0.92 (0.003) 0.89 (0.003) 0.87 (0.030) 0.86 (0.004) 0.86 (0.006) 0.85 (0.007)
0.200≤ diameter < 0.500 0.82 (0.004) 0.85 (0.003) 0.78 (0.010) 0.79 (0.004) 0.79 (0.006) 0.79 (0.012)
0.125≤ diameter < 0.200 0.61 (0.009) 0.83 (0.006) 0.68 (0.022) 0.72 (0.007) 0.71 (0.017) 0.68 (0.028)
0.100≤ diameter < 0.125 0.50 (0.009) 0.77 (0.015) 0.60 (0.013) 0.65 (0.013) 0.66 (0.009) 0.60 (0.024)
For all sludges, sample size of 250ml was used. The sludge was digested in CSTRs operated at different conditions (SRT and temperature). Standard deviations are
presented between brackets.
The ocs with a diameter in the range of 0.200–0.500mm were
dominant in all examined digested sludge samples. The same
trend was shown for the inoculum primary digested sludge
brought from the WWTP of Ede, The Netherlands, which was
used for examining the reproducibility of the method. The
VS/TS ratio illustrated in Table 2 indicates an increase of the
inorganic content with a decreasing oc size, independent of
the type of sludge. Moreover, the table clearly shows that the
VS/TS ratio of the larger ocs (diameter≥ 0.2mm) is either
not or just slightly affected negatively by improving sludge
digestion conditions. However, the VS/TS ratio of the smaller
ocs (diameter < 0.2mm) is always signicantly higher than
that of the raw sludge (p< 0.05). The latter indicates that the
small ocs from the inuent are for a substantial part hydrolysed
to dissolved products and replaced by new small ocs produced
by hydrolysis and breakdown of the larger ocs. This nding
demonstrates the shift in FSD of big ocs to ocs of <0.100mm
where themain biodegradation took place. The results presented
in Table 3 show that the majority of the ocs in the raw as well
as the digested sewage sludge are smaller than 0.100mm.
3.2. Dewaterability
The results presented in Fig. 1 reveal a large inuence of the
digestion conditions on the sludge dewatering characteristics.
The dewaterability results of the digested sludge in both sets of
reactors, operated at 25 and 35 ◦C, reveal the existence of an
optimal SRT for dewaterability. The optima at 25 and 35 ◦C are
shown at an SRT of 20 and 15 days, respectively (p< 0.05). The
dewaterability of the digested sludge in the digester operated at
Table 3
Percentage pass of ocs (measured as VS) through different mesh sizes for raw and digested sludge in CSTRs operated at different digestion conditions (SRT and
temperature)
Size (mm) Sludge type
Raw 10, 25 10, 35 15, 35 20, 35 30, 35
Diameter < 1.000 88 (0.46) 95 (0.46) 94 (0.45) 94 (0.31) 93 (1.10) 95 (0.37)
Diameter < 0.500 77 (0.94) 90 (0.27) 88 (0.30) 88 (0.53) 88 (0.70) 90 (0.05)
Diameter < 0.200 66 (1.08) 83 (0.11) 80 (0.29) 80 (0.42) 81 (0.49) 82 (0.18)
Diameter < 0.125 62 (0.85) 80 (0.10) 76 (0.23) 75 (0.61) 76 (0.36) 78 (0.09)
Diameter < 0.100 60 (0.96) 78 (0.04) 73 (0.29) 72 (0.44) 73 (0.56) 74 (0.02)
For all sludges, sample size of 250ml was used. Standard deviations are presented between brackets.
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Fig. 1. Dependency of primary sludge dewaterability expressed as lterability
constant according to Vesilind [15], on anaerobic digestion conditions (SRT: 0,
10, 15, 20 and 30 days; temperature 25 and 35 ◦C) in CSTRs. SRT= 0 stands
for the raw inuent.
10 days SRT and 25 ◦C deteriorated in comparison with the raw
inuent (p< 0.05), which is in agreement with results presented
by Miron et al. [17]. This digester was under stress as it is clear
from the digestion results, whereas the reactors operated at 15
and 30 days and 25 ◦C operational temperature were not dif-
ferent from the raw sludge (p> 0.05). At an SRT of 30 days at
both process temperatures, 25 and 35 ◦C, the dewaterability of
digested sludge did neither differ from each other nor from the
raw sludge (p> 0.05).
3.3. Settling characteristics
The results presented inFig. 2 show that theSVIwas insigni-
cantly affected by the digestion conditions (p> 0.05). The results
however show a slightly worsening trend of sludge settling char-
acteristics with digestion. The results of sludge settling obtained
by following the sludge settling inside theCSTR (Fig. 3) conrm
that digestion does not affect the sludge settling characteristics.
3.4. Discussion
The results of this research reveal that sludge digestion con-
ditions highly inuence the sludge physical characteristics and
behaviour. The raw sludgewas not submitted to the samemixing
conditions as the reactors, and accordingly a strictly true com-
parison between FSD in raw and digested sludges is not valid.
Fig. 2. Dependency of primary sludge settleability expressed as SVI, on anaer-
obic digestion conditions (SRT: 0, 10, 15, 20 and 30 days; temperature 25 and
35 ◦C) in CSTRs. SRT= 0 stands for the raw inuent.
Fig. 3. Dependency of digested anaerobically primary sludge settleability mea-
sured as the developed clear distance inside the CSTR reactors after switching
off the mixer, the CSTRs were operated at different conditions (SRT: 0, 10, 15,
20 and 30 days; temperature 35 ◦C). The working height of the CSTR is 35 cm.
SRT= 0 stands for the raw inuent.
However, the operated reactors are CSTRs which entail a must
mixing, and so mixing is an inherent parameter of digestion in
this type of reactors.
The worsening of the dewaterability of the sludge digested at
10 days SRT and 25 ◦C is probably due to the coupled effect of
larger ocs transfer to the pool of small ocs and poor digestion
conditions. The results indicate that the main improvement of
organic matter conversion upon improving the digestion condi-
tions from (10 days, 25 ◦C) to (10 days, 35 ◦C) takes place in
the ocs smaller than 0.100mm. Therefore, the improvement
of dewaterability with improving digestion conditions, up to
optima, can be explained by biodegradation of the small ocs
and consequently the reduction of the specic surface area. Karr
andKeinath [18] found thatocs in the range of 0.001–0.100mm
had the most signicant effect on dewaterability.
The here proved phenomenon of the existence of optimal
conditions for sludge dewaterability and the afterwards decline
has also been pointed out in literature. Lawler et al. [2] found
during anaerobic digestion of mixed primary sludge and sec-
ondary sludge (weight of activated sludge is 20% of total solids)
in CSTRs operated at 35 ◦C, a worsening trend of dewaterability
with increasing SRT from 7 to 21 days, but this trend was not
statistically signicant at a 0.05 level. Similarly, Nellenschulte
and Kayser [19] showed during anaerobic digestion of primary
sludge in CSTRs operated at 35 ◦C that after 15 days, the degra-
dation of organic substances has advanced to such an extent that
an optimal dewatering result was achieved. Further extension of
the SRTdid not result in any signicant change of the dewatering
result.
The decline of the dewaterability after the optimummight be
due to increase of very small ocs, which are normally referred
to as nes due to biomass decay, and accumulation of inorganic
material after longSRT [2,19].Unfortunately, in this research the
inuence of the sludge charges on the digestion conditions was
not assessed, as the sludge charges are reported to inuence the
dewatering characteristics of sludge [9] due to alteration of the
electrostatic forces between the water molecules and the sludge
ocs.
Nellenschulte and Kayser [19] found that increasing the nes
(1.9–3.9 nm) content in the sludge by means of mechanical
disintegration resulted in a signicant increase of the total neg-
ative charge of sludge ocs, expressed by zeta-potential, viz.
after agitating the sludge for 15min, the zeta-potential changed
from−4.5 to−13.9mV.Moreover, they showed that, the longer
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the digestion period, the higher becomes the ne ocs content
in the digested sludge. After a digestion period of 15 days at
35 ◦C, the nes content of primary sludge increased from 2031
to 2080 ocs and to 2511 ocs/g solids after a digestion period
of 25 days, which might suggest that solids become more nega-
tively charged with digestion. Differently, Elmitwalli et al. [20]
reported during anaerobic batch sewage digestion at 35 ◦C for a
period of 135 days, only a slight decrease in the negative zeta-
potential, viz. from−22.6 to−19.5mV. The latter might explain
that hardly any effect of digestion was shown on the sludge set-
tling characteristics in the present research.
4. Conclusions
- Anaerobic digestion conditions have a substantial inuence
on the sludge physical characteristics and behaviour.
- Floc size plays an important role in sludge physical behaviour,
i.e. dewaterability.
- Majority of ocs in both raw and digested sludge are smaller
than 0.100mm.
- Anaerobic digestion at fullmethanogenic conditions improves
dewaterability up to an optimum value.
- Primary sludge settling characteristics are slightly affecteddue
to digestion. In practice, this effect is expected to be negligible.
- More research is recommended into the interaction between
sludge physical–chemical characteristics and the digestion
conditions with special emphasis on EPS and electrical
charges.
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WATER FOOTPRINT OF THE PALESTINIANS IN THE WEST BANK1
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ABSTRACT: Water in the West Bank of Palestine is a key issue due to its limited availability. Water is used
from own sources for domestic, industrial, and agricultural purposes. Moreover, water is consumed in its virtual
form through consumption of imported goods, such as crops and livestock, the production of which used water in
the country of production. In addition, wastewater in many parts of the West Bank is disposed off without treat-
ment into the wadis, deteriorating the quality of the water resources in the area and, therefore, further reducing
the quantity of good quality water available. This paper calculates the water footprint for the West Bank. The
consumption component of the water footprint of the West Bank was found to be 2,791 million m3 ⁄year. Approxi-
mately 52% of this is virtual water consumed through imported goods. The West Bank per capita consumption
component of the water footprint was found to be 1,116 m3 ⁄ cap ⁄year, while the global average is 1,243 m3 ⁄ cap ⁄ -
year. Out of this number 50 m3 ⁄ cap ⁄year was withdrawn from water resources available in the area. Only
16 m3 ⁄ cap ⁄year (1.4%) was used for domestic purposes. This number is extremely low and only 28% of the global
average and 21% of the Israeli domestic water use. The contamination component of the water footprint was not
quantified but was believed to be many times larger than the consumption component. According to the official
definition of water scarcity, the West Bank is suffering from a severe water scarcity. Therefore, there is a need
for a completely new approach towards water management in the West Bank, whereby return flows are viewed
as a resource and that is geared towards a conservation oriented approach of ‘‘use, treat, and reuse.’’
(KEY TERMS: West Bank; water use; virtual water; water footprint; water scarcity.)
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INTRODUCTION
The water resources in the West Bank in Pales-
tine are limited. There is water shortage in the
area and this is expected to be more serious in the
near future as both the population and the per cap-
ita consumption are increasing (MOPIC, 1998a).
Moreover, the water resources are threatened by
water pollution due to the inadequate wastewater
disposal which further decreases water quality and,
therefore, availability.
Adequate management of water resources is
important, specifically when resources are limited.
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A starting point for the adequate management of
water is knowledge about the availability of water
for the population and its economic activity. One way
of expressing water use is through the concept of
water footprint. The objective of this paper is to
determine the water footprint for the West Bank.
BACKGROUND
Study Area
Historical Palestine is the area situated in the wes-
tern part of Asia between the Mediterranean Sea in
the west and the River Jordan and the Dead Sea in the
east. It is bordered by Lebanon in the north, Syria and
Jordan in the east, the Mediterranean Sea in the west
and Egypt, and the Gulf of Aqaba in the south (Fig-
ure 1). This study focuses on the West Bank in Pales-
tine. The West Bank is situated on the central
highlands of Palestine; the area is bordered by the Jor-
dan River and the Dead Sea in the east and the 1948
cease-fire line in the north, west, and south. The total
area of the West Bank is 5,788 km2 including the area
of the Dead Sea that falls within the West Bank bound-
aries (WRAP, 1994) (Figure 1). CIA fact book (CIA,
2005) estimated the population of the West Bank at 2.4
million in 2004 with a growth rate of 3.13%. According
to PCBS (1999), in 1997 the total Palestinian popula-
tion living in the West Bank was 1.8 million. Table 1
presents the projected population of the West Bank
during the period 1997 to 2025.
Water Resources
Ground water is the main source of freshwater in
Palestine. Ground water in the aquifer system flows
in three main directions, according to which three
main ground-water drainage basins can be, identified:
the Western, the Northeastern, and the Eastern
basins. The first two basins are shared between the
West Bank and Israel, the eastern basin falls entirely
within the West Bank (WRAP, 1994; MOPIC, 1998a;
SUSMAQ and PWA, 2001).
Surface water is considered to be of minor impor-
tance in the West Bank. The only source of surface
water in the area is the Jordan River; Palestinian
access to fresh surface water from the Jordan River
is zero because the Israelis control the flow of the
river (WRAP, 1994; MOPIC, 1998a; ARIJ, 1998).
Rainwater harvesting forms an additional source
of water for domestic consumption in the West
Bank. People collect rainwater falling on roofs or
rock catchments and store it in cisterns, to meet
part of their household needs (WRAP 1994; MOPIC,
1998a). MOPIC (1998b) estimated the quantity of
harvested water in the West Bank at 6.6 million
m3 ⁄year.
Virtual Water and Water Footprint
A good can be produced locally or can be
imported. In the first case, the production of the
good requires the use of local water, and in the sec-
ond case, the water is used in the country from
where the good is imported. By consuming imported
goods, water is consumed in its virtual form. Vir-
tual water is the water embodied in a good, not
only in the real, physical sense, but mostly in the
virtual sense. It refers to the water required for
the production of a certain good (Allan, 1997).
To assess the water use in a country, we usually add
up the water withdrawal for the different sectors of
the economy. This does not give the real picture about
the water actually needed by the people of that coun-
try, as many goods consumed by the people of theFIGURE 1. The West Bank Regional Location.
TABLE 1. Projected Population in the West
Bank During the Period 1997-2025 (PCBS, 1999).
Year 1997 2000 2005 2010 2015 2020 2025
Population* 1.8 2.0 2.5 3.0 3.5 3.9 4.4
*Population in millions.
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country are produced in other countries using water
from that country (Hoekstra and Chapagain, 2007).
In order to have a consumption-based indicator of
water use, the water footprint concept was developed
by Hoekstra and Hung (2002) in analogy to the eco-
logical footprint concept. The ‘‘ecological footprint’’ of
a population represents the area of productive land
and aquatic ecosystems required to produce the
resources used, and to assimilate the wastes pro-
duced by a certain population at a specified material
standard of living, wherever on earth that land may
be located (Wackernagel and Rees, 1996; Wackerna-
gel et al., 1997; Wackernagel and Jonathan, 2001
cited in Chapagain and Hoekstra, 2004). The water
footprint of an individual, business or nation then
was the total annual volume of freshwater that is
used to produce the goods consumed by the individ-
ual, business or nation (Chapagain and Hoekstra,
2004; Chapagain, 2006). However, in Hoekstra and
Chapagain (2007) the authors agree that there is a
contamination component in the definition of the
water footprint. Therefore, in this study it is sug-
gested to complete the definition of the water foot-
print by including a contamination component. So,
the water footprint (QFP) will be the total volume of
freshwater used to produce goods consumed by the
individual, business, or nation (consumption compo-
nent, QFP*) plus the volume of freshwater needed to
somehow assimilate the waste produced by that indi-
vidual, business or nation (contamination component,
QFP**).
Chapagain and Hoekstra (2004) and Hoekstra and
Chapagain (2007) further state that the consumption
component of the water footprint, QFP*, consists of
two parts. The first part is the internal water foot-
print (QIFP). This is the sum of the total annual water
volume used from the domestic water resources in
the national economy minus the annual virtual water
flow to other countries related to export of domesti-
cally produced products (QVWEdom). The second part
is the external water footprint (QEFP) of a country
defined as the annual volume of water resources used
in other countries to produce goods and services con-
sumed by the inhabitants of the country concerned
(Chapagain and Hoekstra, 2004; Hoekstra and Chap-
again, 2007).
MATERIALS AND METHODS
Calculation of the Water Footprint
According to the definition suggested in this paper,
the water footprint is
QFP ¼ QFP� þ QFP��; ð1Þ
where QFP is the water footprint [m
3 ⁄year]; QFP* is
the consumption component of the water footprint
[m3 ⁄year]; and QFP** is the contamination component
of the water footprint [m3 ⁄year].
As it is difficult to calculate the contamination
component of the water footprint, only the consump-
tion component was calculated in this study using
Equations from (2) to (6) (Chapagain and Hoekstra,
2004).
QFP� ¼ QIFP þ QEFP; ð2Þ
where QIFP is the internal water footprint [m
3 ⁄year]
and QEFP is the external water footprint [m
3 ⁄year].
Internal Water Footprint.
QIFP ¼ QAWU þ QIWW þ QDWW � QVWEdom; ð3Þ
where QAWU is the agricultural water use [m
3 ⁄year];
QIWW is the industrial water withdrawal [m
3 ⁄year];
QDWW is the domestic water withdrawal [m
3 ⁄year];
and QVWEdom is the virtual water content of exported
products produced domestically (m3 ⁄year).
In this study, the QDWW was calculated from PWAs
database (PWA, 2004); it includes the industrial
water withdrawal QIWW. The agricultural water use
QAWU, defined as the total volume of water used in
the agricultural sector was calculated according to
the methodology described in Chapagain and Hoek-
stra (2004). It includes both effective rainfall, the por-
tion of the total precipitation retained by the soil so
that it is available for crop production (FAO, 2000)
and the part of irrigation water used effectively for
crop production.
External Water Footprint. The QEFP was calcu-
lated according to Equation (4) (Chapagain and Hoek-
stra, 2004).
QEFP ¼ QVWI � QVWEre�export; ð4Þ
where QVWI is the virtual water content of imported
agricultural and industrial products [m3 ⁄year] and
QVWEre-export is the virtual water content of re-
exported products [m3 ⁄year].
The virtual water of imported crop products has
been calculated according to the methodology
described in Chapagain and Hoekstra (2004).
To calculate the virtual water content of imported
industrial products, QVWII, the net value in US$ ⁄year
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of imports (NVI) was calculated for the years 1998-
2002 (Chapagain and Hoekstra, 2004).
QVWII ¼ NVI � WUV; ð5Þ
where QVWII is the virtual water content of the indus-
trial imports [m3 ⁄year]; NVI is the Net value of
imports in [US$ ⁄year]; and WUV is the global average
water withdrawal per unit value of imports [m3 ⁄US$].
The per capita consumption component of the
water footprint QFPc* [m
3 ⁄ cap ⁄year] was calculated
according to Equation (6) (Chapagain and Hoekstra,
2004)
QFPc� ¼
QFP�
Total population
ð6Þ
Appendixes 1 and 2 contain example calculation.
Data Sources
Raw data about the water quantity from wells and
springs and annual rainfall was collected for the per-
iod 1988-2003 from the Palestinian Water Authority
(PWA, 2004). The Palestinian abstraction was calcu-
lated from the PWAs database (PWA, 2004), while
the Israeli abstraction was taken from (SUSMAQ and
PWA, 2001). The domestic and agricultural water
abstraction from wells and discharge from springs
were calculated by taking the sum of the abstraction
from all wells and the discharge from all springs for
each year and calculating the average abstraction or
discharge and the standard deviation thereof for the
years 1988 to 2003. Wells with zero abstraction and
springs with zero discharge for the last three years
were excluded from the calculations in this study.
There is a slight decrease in the trend of the rainfall
in the West Bank during the period of 1988 to 2003,
so the average of the rainfall was used to estimate
the total amount of precipitation entering the West
Bank.
The FAO food balance sheet for the years 1998-
2003 were used as the basis for the food consump-
tion in order to calculate the virtual water in the
crops and livestock consumed by Palestinians. The
food balance sheet indicates the consumption for
the West Bank and Gaza Strip together. To calcu-
late the consumption for the West Bank, all num-
bers were multiplied by 0.64, the ratio of the
population in the West Bank to the total population
(West Bank and Gaza Strip) for the years 1998-
2003. Data about industrial imports were taken
from the PCBS (2004).
RESULTS AND DISCUSSION
Water Balance
The West Bank receives 540 mm of precipitation
annually (PWA, 2004), This equals a total incoming
flow from precipitation (Qp) of 2,970 million m
3 ⁄year
of which 679 million m3 ⁄year infiltrates to the
ground-water aquifers (Qi) (Oslo II Agreement, 1995).
The runoff (QR) is about 77 million m
3 ⁄year and
about 7 million m3 ⁄year are harvested in rain water
harvesting systems (QRh). Therefore, the total evapo-
transpiration (QET) is 2,207 million m
3 ⁄year
(Figure 2).
Abed and Wishahi (1999) indicated that the West
Bank receives annually a total quantity of rain
between 2,700 and 2,900 million m3 ⁄year. According
to the Oslo II agreement (1995), the estimated quan-
tity of water that infiltrates into the ground-water
aquifers (QI) is 679 million m
3 ⁄year (22.9%). Rofe and
FIGURE 2. Water Balance for the West Bank.
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Raffety (1963) cited in Abed and Wishahi (1999) esti-
mated this quantity as 24.6% for the year 1964 ⁄1965.
In this study, the Oslo II agreement (1995) estimates
were used to establish the water balance for the West
Bank. According to Abed and Wishahi (1999), Rofe
and Raffety (1963) estimated the average runoff (QR)
in the West Bank at 2% of the rainfall while GTZ
(1996) estimated it at 3.2%. In this study, the runoff
flow was taken as 2.6%, the average of the GTZ
(1996) and Rofe and Raffety (1963) estimates. Based
on this estimation the runoff in the West Bank was
found to be about 77million m3 ⁄year. The population
of the West Bank is harvesting (QRh) about 7 million
m3 ⁄year from rainwater for domestic purposes (MO-
PIC, 1998b). Therefore the total evapotranspiration
(QET) can be estimated to be 2,207 million m
3 ⁄year
(74.3%). This figure is close to that given by Rofe and
Raffety (1963) cited in Abed and Wishahi (1999), who
estimated the evapotranspiration as 69.1% of the
total precipitation for the year 1963 ⁄1964.
Water is abstracted from the ground-water basins
by Palestinians and Israelis. Table 2 presents the
annual Palestinian and Israeli abstraction rates from
the three basins through wells and springs.
From this information, it can be seen that the total
water abstraction (fresh and brackish) by both Pales-
tinians and Israelis amounts to 778 million m3 ⁄year
while the recharge is only 679million m3 ⁄year which
result in an overuse of the ground water.
Water Footprint
The consumption component of the water footprint,
QFP*,of the West Bank was found to be 2,791 million
m3 ⁄year. The internal water footprint, QIFP, is 1,346
million m3 ⁄year and the external water footprint,
QEFP, is 1,445 million m
3 ⁄year (Figure 3).
Consumption Component of the Water Foot-
print. Internal Water Footprint: The Palestinians in
the West Bank are consuming ground water for
domestic, agricultural, and industrial purposes. As
can be seen in Figure 3, the total water abstracted
from local resources by the Palestinians in the West
Bank (QPalAb) from wells and springs is 117 million
m3 ⁄year of which 83 million m3 ⁄year is used for agri-
cultural purposes (QAWW) (irrigating crops and live-
stock); 34 million m3 ⁄year is used for domestic and
industrial purposes (QDWW + QIWW). Moreover, the
Palestinians in the West Bank are using some 7 mil-
lion m3 ⁄year rain water harvested in cisterns (QRh)
for domestic purposes (MOPIC, 1998b). The Palestin-
ians of the West Bank also produce rain fed crops
using the rain water stored in the unsaturated soil.
The agricultural water use, QAWC, was found to be
1,371 million m3 ⁄year of which 66 million m3 ⁄year
was exported through exporting crops (Figure 3 and
Table 3). The term QAWU represents part of the
evapotranspiration term of the water balance, it
includes both effective rainfall (the portion of rainfall
which is available for crop production) and the part
of irrigation water used effectively for crop produc-
tion, and it excludes the irrigation losses. The major
amount of QIFP (1,137 million m
3 ⁄year) is used for
producing oil crops and vegetable oils, which is
mainly olives and olive oil.
External Water Footprint: The external water foot-
print, QEFP, of the West Bank was found to be 1,445
million m3 ⁄year. This figure is the sum of the virtual
water imported through the imports of products (crop
products, QVWIc, animal products, QVWIa, and indus-
trial imports, QVWII) minus the virtual water
exported in exported products (Figure 3 and Table 3).
The per Capita Consumption Component of the Water
Footprint: The results of the study indicate that the
per capita consumption component of the water
footprint in the West Bank is 1,116 m3 ⁄ cap ⁄year. The
figure is less than the global average and less than
Israeli and Jordanian figures (Chapagain and Hoek-
stra, 2004) (see Table 4). It can be noted that the domes-
tic part of this figure is far less than that of the
TABLE 2. Annual Recharge and Abstraction by Palestinians’ and Israelis’ From the Three Basins in the West Bank.
Basin
Recharge Estimates
(million m3 ⁄year) Palestinian Abstraction (million m3 ⁄year)
Israeli Abstraction*
(million m3 ⁄year)
Ref. 1 Ref. 2 Ref. 3 This study Ref. 1 Ref. 2 Ref. 4 Ref. 1 Ref. 2 Ref. 5
Eastern 172 172 213 62 54 69 61 40 40 32
Northeastern 145 145 124 31 42 30 31 103 103 99
Western 362 362 376 24 22 22 24 340 344 348
Total 679 683 713 117 118 121 116 483 487 479
Notes: Ref 1: Numbers based on Oslo II Agreement (1995); Ref 2: Numbers based on Eckstein and Eckstein (2003); Mimi and Aliewi (2005);
Ref 3: Numbers based on Rofe & Raffety (1963); Ref 4: Numbers based on PWA, USAID, and CDM ⁄Morganti (1997); Ref 5: Numbers based
on SUSMAQ (2001).
*Numbers exclude some 170 million m3 ⁄ year brackish water abstracted or discharged from the aquifers.
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neighboring countries: only 36% of that of Jordanian
and 21% of the Israeli figure.
The Contamination Component of the Water
Footprint. As was stated before while defining the
water footprint, Chapagain and Hoekstra (2004) did
not include the volume of water needed to assimilate
the waste produced by the individual, business, or
nation, thus ignoring the second component of the
ecological footprint. However, Hoekstra and Chap-
again (2007) addressed the effect of pollution on the
water footprint and stated that one cubic meter of
wastewater should not count for one, because it gen-
erally pollutes much more cubic meters of water after
disposal, various authors have suggested a factor of
10 to 50 they stated.
FIGURE 3. Water Footprint of the West Bank.
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Nevertheless, societal use of water generates pol-
luted water which itself is not only unfit for direct
societal use but which, when discharged in surface
water, makes much of the dilution water unfit for
use. If so this polluted water is to be considered part
of the water footprint.
Here, it is suggested to add a second component,
other than the consumption component, to the water
footprint, which is the volume of freshwater
negatively affected by the activities of consumption
and use of the individual, business or nation, contam-
ination component.
Quantifying the second component of the water
footprint is a difficult issue. One liter of wastewater
has the capacity to contaminate many liters of fresh-
water if disposed off in a water body without treat-
ment. This is true both for wastewater is disposal
into surface water as well as through infiltration into
the ground water. For example, the WHO limit for
lead (Pb) in potable water is 0.01 mg ⁄ l. This means
that 1 l of a wastewater containing 1 mg ⁄ l of lead will
need 100 l of freshwater to dilute it to the permissible
value, so 1 l of this wastewater has the potential to
contaminate 100 l of freshwater if disposed in a water
TABLE 3. The Internal Agricultural Water Use of Crops and Animals and the Net Virtual Water From Agricultural and Industrial Imports.
Group
Internal
Agricultural
Water Use
(106 m3 ⁄year)
Internal
Virtual Water
Exported
106 m3 ⁄year)
Net Agriculture
Water Use
(106 m3 ⁄year
Net Virtual
Water Imports
(106 m3 ⁄year)
Crops and crops’ products
Cereals 1,11.4 18.9 92.5 986.9
Starchy roots 10.7 0.7 10.0 0.7
Sugar and sweeteners 0.0 0.0 0.0 106.1
Oil crops 557.4 0.0 557.4 14.9
Vegetable oils 579.4 39.3 540.1 92.1
Vegetables 14.8 1.3 13.5 2.4
Fruits 93.6 5.5 88.1 38.9
Stimulants 0.0 0.0 0.0 98.8
Subtotal 1,367.3 65.7 1,301.6 1,340.8
Animal products
Meat 2.2 0.0 2.2 58.4
Milk 0.8 0.0 0.8 16.5
Eggs 0.4 0.0 0.4 1.7
Subtotal 3.4 0.0 3.4 76.6
Industrial products 27.6
Total 1,370.7 65.7 1,305 1,445.0
Notes: Crops included in the calculations were the crops listed in the FAO food balance sheet excluding the items with zero consumption.
Cereals list: wheat, rice, barley, maize, rye, oats, millet, and sorghum; Starchy roots list: cassava, potatoes, sweet potatoes, and yams; Sugar
and sweeteners: sugar raw equivalent and honey; Oil crops list: soya beans, groundnuts, sunflower seed, rape and mustard seed, cottonseed,
coconut, sesame seed, palm kernels, and olives; Vegetable oils list: soya bean oil, groundnut oil, sunflower seed oil, rape and mustard oil, cot-
ton seed oil, coconut oil, sesame oil, palm kernels oil, palm oil, olive oil and maize germ oil; Vegetables list: tomatoes and onions; Fruits list:
oranges, lemons, grapefruit, bananas, apples, pineapples, dates, and grapes; Stimulants: coffee, tea, and cocoa beans; Meat: bovine meat,
mutton, and goat meat and poultry meat.
TABLE 4. The Per Capita Consumption Component of the Water Footprint of the West Bank and of Neighboring Countries
Country
Water Footprint
Water Footprint by Consumption Category
Domestic Agricultural Industrial
Per Capita
(m3 ⁄ cap ⁄year)
Internal
(m3 ⁄ cap ⁄year)
Internal
(m3 ⁄ cap ⁄year)
External
(m3 ⁄ cap ⁄year)
Internal
(m3 ⁄ cap ⁄year)
External
(m3 ⁄ cap ⁄year)
West Bank 1,116 16 548 (455 olives) 541 Included in the domestic 11
Jordan 1,303 44 301 (158 olives) 908 7 43
Israel 1,391 75 264 (28 olives) 694 18 339
Egypt 1,097 66 722 197 101 10
Global average 1,243 57 907 160 79 40
Notes: The figures of the West Bank were calculated in this study, while the figures of Jordan, Israel, Egypt, and global average were taken
from (Chapagain and Hoekstra, 2004; Chapagain, 2006; Hoekstra and Chapagain, 2007).
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body without treatment. Considering the occurrence
of self purification, this number may be lower for
‘‘clean’’ organic wastewater. On the other hand the
limits for various organic and inorganic constituents
of wastewater limits are significantly below that of
lead increasing the extent of the contamination com-
ponent proportionally. In the West Bank, the waste-
water in most cases is disposed off into the wadis
without treatment. It is difficult to estimate how
much freshwater will be contaminated from wastewa-
ter infiltrating into the ground water. This wastewa-
ter has the potential to contaminate the shallow
aquifers, but deep aquifers may be considered pro-
tected from contamination from wastewater infiltra-
tion. In any case this means that the contamination
component of the water footprint will be ‘‘many’’
times greater than the consumption component mak-
ing the already scarce resource even more scarce.
Water Availability, Water Scarcity, and the
Traditional Throw Away Approach
Total Water Availability. The water issue in
the West Bank is complicated, partly because of the
political situation in the area. The aquifers are con-
trolled by Israel. However, Article 40 of the Oslo II
Agreement (1995) defines the quantity of water which
the Palestinians are allowed to withdraw from their
aquifers regardless of how much water is available in
these aquifers. So the total water available for the
Palestinians in the West Bank was estimated at
198million m3 ⁄year. This number is the sum of the
water withdrawal from wells, springs, and rainwater
harvesting cisterns (123 million m3 ⁄year) plus 75 mil-
lion m3 ⁄year agreed upon in the Oslo II Agreement
as the future needs of the Palestinians in the West
Bank. Therefore, if one assumes that the 2.5 million
Palestinians have got the water available for them
through Oslo II agreement in 2005, then the totally
available water is 80 m3 ⁄ cap ⁄year in 2005. And if
not, the water availability will be the same as the
consumption that is the total per capita water con-
sumption in the West Bank will be 50 m3 ⁄ cap ⁄ year.
In both cases, the West Bank can be classified as in
the conditions of water scarcity according to Falken-
mark and Carl (1992) definition.
According to Falkenmark and Carl (1992) ‘‘a coun-
try whose renewable freshwater availability is less
than 1,700 m3 ⁄ cap ⁄year experiences periodic or regu-
lar ‘water stress.’ When freshwater availability falls
below 1,000 m3 ⁄ cap ⁄year countries experience chronic
‘water scarcity.’’’
The situation is becoming more severe in the
future because of the rapidly growing population from
2.5 million in 2005 to 4.4 million by 2025 (PCBS,
1999), which means that in that specific year the per
capita water availability will drop to 45 m3 (Figure 4).
Domestic Water Consumption. According to the
results of the study the Palestinians in the West Bank
are consuming16 m3 ⁄cap ⁄year (44 l ⁄cap ⁄day). for
domestic and industrial purposes. The figure is signifi-
cantly less than the WHO guidelines for the minimum
per capita requirement for domestic needs to maintain
good health (150 l ⁄cap ⁄day). The figure is also far below
the domestic water consumption of the neighboring
countries Israel 75 m3 ⁄cap ⁄year (205 l ⁄cap ⁄day) and
Jordan 44 m3 ⁄cap ⁄year (120 l ⁄cap ⁄day) (Table 4) (Chap-
again and Hoekstra, 2004).
It should be noted that the above concept of water
scarcity is determined by assuming that the water is
used once before thrown away. Present water man-
agement practices will, therefore, increasingly iden-
tify conditions of water scarcity because of dwindling
resources in combination with increasing population.
The common approach of high per capita water con-
sumption, therefore, needs urgent review (Figure 5A)
FIGURE 4. Future Per Capita Water Availability and Population.
FIGURE 5. Traditional and Future Approaches of
Dealing With Water (please note the size of the arrows).
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so as to arrive at a situation where the environmen-
tal impact of both domestic and industrial water use
are significantly reduced (Figure 5B). A large range
of options to achieve this significant reduction exist
or are in the phase of research testing.
CONCLUDING REMARKS
The objective of the study was to calculate the
water footprint for the Palestinians in the West
Bank. Within the limitations of the research the fol-
lowing conclusions were drawn:
• The consumption part of the per capita water foot-
print (QFPc*) in the West Bank was found to be
1,116 m3 ⁄ cap ⁄year of which only 50 m3 ⁄ cap ⁄year
was withdrawn from local water resources. The
contamination component was estimated many
times larger than the consumption component mak-
ing the water footprint many times larger.
• According to the commonly accepted limits, the West
Bank is suffering from a severe water scarcity.
• The approach of ‘‘use, treat, and reuse’’ may help to
improve the situation of water scarcity.
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APPENDIX 1
Calculation of Agricultural Water Use
a. Calculation of agricultural water use for
wheat
1. Calculate the Crop Water Requirement for wheat
CWR ¼
Xlp
d ¼ 1
ETc;
where ETc is the crop evapotranspiration (mm)
(Chapagain and Hoekstra, 2004).
ETc ¼ Kc � ET0;
where ET0 is the reference evapotranspiration in
(mm); Kc is the crop factor; lp is the length of the
growing period [days]. ET0, Kc, and lp were taken
from (Chapagain and Hoekstra, 2004). CWR for
wheat = 533 mm.
2. Calculate the Specific Water Demand
SWD ¼ CWR
Yield
(Hoekstra and Hung, 2002; Chapagain and Hoek-
stra, 2004). Yield of wheat in the West
Bank = 172 kg ⁄1,000 m2 (Chapagain and Hoekstra,
2004). So SWD for wheat = 3,098 m3 ⁄ ton, where
Ton = 1,000 kg.
3. Calculate the agricultural water useQAWU =
SWD · Quantity (Quantity refers to the produc-
tion of wheat in Palestine = 37,000 tons (Food bal-
ance sheet FAOSTAT data, 2005) as average over
1998-2003. So QAWU = 115 · 106 m3.
b. Calculation of total agricultural water use
1. The total internal agricultural water use was cal-
culated by the summation of QAWU of all crops pro-
duced in the area.
2. To calculate the external QAWU, the imported
quantity of each crop was used in the Equation 3
instead of production quantity.
3. The exported QAWU was then calculated using the
exported quantity. Imported and exported quanti-
ties taken from (Food balance sheet FAOSTAT
data, 2005) as average of 1998-2003.
4. For the crop products such as oil and sugar the
QAWU was multiplied by the value fraction of the
product and divided by the product fraction. Value
fraction and product fraction were taken from
Chapagain and Hoekstra (2004).
APPENDIX 2
Calculation of Virtual Water of Animal Products
Total virtual water for animal VWCtotal =
VWCdrink + VWCserv + VWCfeed (m
3 ⁄1,000 kg), where
VWCdrink is the water consumed by the animal for
drinking (m3 ⁄1,000 kg animal); VWCserv is the water
use for the service of animal such as cleaning
(m3 ⁄1,000 kg animal); and VWCfeed is the virtual
water needed to produce the food for the animal
(m3 ⁄1,000 kg animal). VWCdrink and VWCserv were
taken from Chapagain and Hoekstra (2003).
The VWCfeed for animals produced domestically
was taken zero because the virtual water for the
feed was included in the calculations of the QAWU
for crops, which includes the crops consumed by
animals. For imported animal products, VWCfeed
was included and was taken from Chapagain and
Hoekstra (2003).
QAWU for animal products
¼ VWCtotal � Value fraction
Product fraction
� Quantity ðproduced or importedÞ;
value fraction and product fraction was taken from
Chapagain and Hoekstra (2004).
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IEWS Newsletter
Workshops and Training 
Training Course on Integrated Management of Wastewater in the Mediterranean 
In cooperation with the Palestinian Water Authority and within the framework of INNOVA •	
project, the Institute of Environmental and Water Studies (IEWS) organized a training 
course entitled: “Integrated Management of Wastewater in the Mediterranean Region” 
in the period 25-26 May 2009, which comes as part of the project activities implemented 
by IEWS and funded by the European Union, under the Sixth Framework Program 
(FP6).
 
Two Workshops on the Usage of Pesticides in Agriculture and Public Health
In cooperation with the Ministry of Health (MoH), and funded by the Italian Cooperation •	
(IC) within the framework of PAST Program, the IEWS organized two workshops 
on 18 and 19 March 2009 in Jericho and Jenin. Those workshops were part of the 
project entitled: “Usage of Pesticides in Agriculture and Public Health”. The workshops 
recommendations included the need for conducting awareness campaign to monitor and 
limit the excessive use of pesticides, train agricultural advisors and health inspectors, as 
is the case in Jenin, Tulkarem, Qalqilia, and the other projects and providing labs and 
research centers with equipment and qualified staff to carryout analysis on pesticides 
and their residues. Moreover, the workshop recommended creating awareness among 
citizens on the “Jericho fly” and seeking a specialized doctor’s help for diagnosis when 
needed, as well as adopting means for pest control and following the safety instructions 
guide and public safety methods during the spraying process. 
Participants in the workshops included representatives of the Ministries of Health 
and Agriculture, different municipalities, UNRWA and pesticides salesmen from the 
governorates of Jericho and Jenin. 
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Training of Trainers Program in the Environmental Health Field 
In cooperation with the Palestinian Ministry of Health (MoH) and funded by the Italian •	
cooperation (IC) within the framework of PAST program, the IEWS conducted “Training 
of Trainers” program in the environmental health field on 16 and 17 February 2009. 
The program aimed to develop the capacity of health services of environmental health 
departments at MoH by providing heads of these departments with current  principles, 
exercises and case studies on core training needs such as: communication skills, 
participatory approach, learning techniques and needs assessment principles, which 
are needed for improving the relations of MoH with internal and external bodies that 
affect the performance of environmental health departments at MoH.
 Workshop on Woman Leader and Water Management 
Funded by the World Bank through “Global Development Learning Programme, GDLN”, •	
the IEWS organized a workshop entitled: “Woman Leader and Water Management” via 
video-conference with audiences from Egypt, Morocco, Tunisia and the United Arab 
Emirates on 9 October 2008. The workshop emphasized the added value of woman 
leaders in management positions as well as the importance of empowering women in all 
sectors, particularly in the water/environmental sectors which can be achieved through 
consistent capacity building and training programs and special awareness campaigns 
in gender fields.   
The workshop was attended by representatives of Ministry of Agriculture, Birzeit 
Municipality, Al-Bireh Municipality, Jerusalem Water Undertaking, as well as local experts 
and a number of Masters students. 
Workshop on Water Reuse 
Funded by the World Bank through “Global Development Learning Program, GDLN”, •	
the IEWS organized a workshop entitled: “Water Reuse” via videoconference with 
audiences from Egypt, Palestine, Uzbekistan, Tanzania, Uganda and Ethiopia which on 
9 September 2008. During the workshop participants representing Ministry of Agriculture 
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and Water Authority demonstrated that Palestinian water resources are governed by the 
Israeli occupation which leading to more water scarcity and consequently threatening the 
agricultural sector in Palestine. Another workshop addressing the theme: “Values for a 
Water/Life-Sustaining Civilization: Learning and Communications to Transform Society” 
was previously held on 6 August 2008.
Staff News
Ziad Mimi and Maher Abu-Madi participated in the World Water Forum 2009 which was •	
held in Istanbul in the period 15-22 March 2009 and was attended by about 25,000 
participants from 199 countries. The World Water Forum is the biggest meeting on water 
issues where the world comes together to share concrete solutions for water problems. 
The overall theme for the 5th World Water Forum was” Bridging Divides for Water” during 
which sessions, the achievements of the IEWS and Birzeit University were shared with 
large number of participants from allover the world. 
Nidal Mahmoud was in a staff exchange mission at the UNESCO-IHE, Delft, Netherlands •	
in the period 15 June-15 July 2009. During his stay, Dr. Mahmoud worked on developing 
the following two educational modules for the Msc programs in Water and Environmental 
Engineering and Sciences:
1- Industrial wastewater treatment
2- Urban drainage
 
Rashed Al-Sa`ed has a one-year consultancy contract with the Palestinian Water •	
Authority (PWA) that started in January 2009, where he acts as a Technical Advisor 
on strategic wastewater management issues. Dr. Al-Saed provides expert advice and 
technical evaluation applying sound scientific knowledge to enhance capacity building, 
strengthen informed decision making and promote research and development within 
the PWA.
New Funded Projects
The Arab Gulf Program for United Nations Development Organization (AG-Fund) •	
has funded a new research proposal submitted by IEWS entitled: “Enhancement of 
Integrated Healthcare Waste Management in Two Districts in the North of the West 
Bank of Palestine”. The project aims to improve the management of Healthcare Waste 
in Palestine by involving various community stakeholders and offering opportunities for 
women and women associations to participate in solving healthcare waste problems.
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The International Development Research Center (IDRC) funded a new research •	
proposal submitted by IEWS entitled: “Involvement and Influence of Women in Innovation 
Processes within Integrated Water Resources Management (IWRM)”. The project aims 
to increase the access, participation and contributions by women to the innovation 
processes and to examine areas where females can add value as contributors to the 
IWRM field, in addition to bringing insight into the social influences and their impact on 
women performance as leaders and innovators within IWRM.
The Italian Cooperation (IC) and within the framework of P.A.S.T. Program funded a •	
consultancy proposal submitted by IEWS entitled: “National Environment Control Project 
– Awareness Campaign” that aims to strengthen the planning and operational capacity 
of the environmental health departments at the Palestinian Ministry of Health (MoH).
The Italian Cooperation (IC) and within the framework of P.A.S.T. Program funded a •	
research proposal submitted by IEWS entitled: “Survey on the Usage of the Pesticides 
in the West Bank and Gaza Strip” that aims to evaluate if the pesticides are rationally 
used in terms of quantities and qualities in Palestine. 
The UNESCO-IHE Partnership Research Fund (UPaRF) and within the activities of •	
PoWER Partnership has funded the following research proposals submitted by IEWS 
under categories II and III:
        UPaRF category II research projects:
         A call for proposals for medium- to large size research projects 
(Category II) was launched on 5 January 2009 which aimed to 
identify a number of research projects for implementation from 
mid-2009 onwards. The call was intended for UNESCO-IHE and 
its eligible partner institutes, but proposals were initiated and 
lead by UNESCO-IHE. IEWS has won the following research 
proposals in this category:
Natural systems for wastewater treatment and reuse: technology adaptation and 1. 
implementation in developing countries.
Partners: UNESCO-IHE (Netherlands), Universidad del Valle (Colombia), Birzeit 
University (Palestine) and King Abdullah University of Science and Technology (Saudi 
Arabia).
Impact of untreated wastewater on natural water bodies: integrated risk 2. 
assessment.
Partners:       UNESCO-IHE, Birzeit University (Palestine) An-Najah National University 
(Palestine) and Palestinian Water Authority.
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 UPaRF category III research projects:
         A special collaborative research call was launched on 22 January 2009 for proposals for 
small size projects (Category III). This call aimed to identify a number of research projects 
for implementation in 2009 and 2010, and specifically intended for partner institutes of 
UNESCO-IHE. IEWS has won the following research proposals in this category:
Development of an integrated low cost anaerobic-aerobic biological system for grey 1. 
water treatment capable of natural removal of organic, nitrogen and pathogens. 
Partners:  Birzeit University (Palestine) and Sana’a University (Yemen).
Hydrogeochemical characterization of the presence of arsenic in the Puelche aquifer 2. 
in the area of Mataderos, Argentina, and the Mountain aquifer, Palestine.
Partners:  Blas Pascal University (Argentina) and Birzeit University (Palestine).
Assessing the impacts of variable oil prices on the economic sustainability of water 3. 
and wastewater facilities: cases from Ghana and Palestine.
Partners:  Birzeit University (Palestine) and Kwame Nkrumah University of Science and 
Technology (Ghana).
Environmental flow regime in rivers as a tool for integrated water and basin resource 4. 
management and climate change adaptation.
Partners:  Universidad del Valle (Colombia) and Birzeit University (Palestine).
It is worth mentioning here that the IEWS represented by Dr. Maher Abu Madi is currently 
the Partnership Collaboration Coordinator for PoWER.
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STUDENT NAMETITLENO.
 Adel
Al-Salaymeh
Assessment of Water Quality of Cisterns in Hebron City1
Abdellatif Daood
Health Risks Associated with Consumption of Untreated Water 
from Household Roof Catchment Systems
2
 Atiyyeh
Al-Ramahi
Assessing the Costs of Achieving the Water and Sanitation Target 
of the Millennium Development Goals in Ramallah and Al-Bireh 
Governorate-Palestine
3
Fayez Abu-HeloSpatial and Temporal Variations in  the Hydrochemistry and Isotopic 
Compositions of the Groundwater in the Jordan Rift Valley
4
Kamal Zorba
Improving the Keeping Quality of Green Bell Peppers Irrigated 
with Saline Water through the Adaption of Environment Friendly 
Techniques
5
 Mahmoud
Musaffar
Rainwater Harvesting for Domestic Uses in Two Palestinian Rural 
Areas with Emphasis on Quality and Quantity
6
Manal
Ibrahim
Development of an Environmental Management System for 
Selected Palestinian Dairy Industries
7
Nour Al-Huda
Al-Hindi
Community Onsite Anaerobic Sewage Treatment in Hybrid UASB 
Septic Tank Systems
8
Shereen NazzalGroundwater Vulnerability Assessment in the Western Aquifer 
Basin Portion in the West Bank
9
 Sireen
Abu-Jamous
Climate Change and Its Impacts on Water Supply and Demand in 
Palestine
10
New Defended Masters Theses
The following theses were successfully defended at the IEWS from July 2007 to August 
2009. Hard copies of the theses are available at the main library at Birzeit University:
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Graduates of the Masters Programs In Water and Environmental 
Engineering and Sciences 2008/2009
Ola Farouk Safi Sireen Jihad Abu-Jamous Nidal Khalid Khawaldeh
Manar Saeed Al-Basha
Ahmad Ibrahim Amro Manal Farhan Ibrahim
Nour Al-Deen Anwar Halayqah 
Ahed Khalil HalayqahAdel Abdul-Halim Al-Salaymeh Eman Ahmad HasanAyman Abdul-Hafeth 
Abdul-Halim
Masters Program In Water and Environmental Engineering
Masters Program In Water and Environmental Sciences
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Contact Information:
Institute of Environmental and Water Studies (IEWS), Birzeit University
P.O. Box: 14, Birzeit - Palestine
Tel/fax: +970 2 2982120
http://home.birzeit.edu/iws
05 Advancing Membrane Technologies for Wastewater Treatment and Reclamation in 
Selected Arab MENA Countries
13 Hydrochemistry of the Natuf Drainage Basin in Ramallah Area / West Bank
23 Farm-Level Perspectives Regarding Irrigation Water Prices in the Tulkarm District, 
Palestine
31 Interaction Between Digestion Conditions and Sludge Physical Characteristics and 
Behaviour for Anaerobically Digested Primary Sludge
37 Water Footprints of the Palestinians in the West Bank
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